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 Ignitable liquids consist of either a single organic compound or a complex organic 
mixture.  In regards to fire debris analysis, the analyst is responsible for determining if an 
ignitable liquid residue is present.  However, when extracted from soil-containing fire debris 
evidence, chemical degradation from microorganisms is observed to result in the loss of 
compounds based on chemical structure.  It can also happen when the evidence container is 
stored at room temperature before analysis.  This can present a challenge to the fire debris 
analyst when identifying and classifying the ignitable liquid residue based on the criteria 
established by standard test methods.  The purpose of this research was to observe the microbial 
degradation of fourteen compounds, at room temperature over a period of time, for possible by-
product formation that could coincide with compounds normally present in an ignitable liquid.  
Additionally, a quantitative assessment was performed to observe and record the loss rate of 
compounds in a representative simple mixture.  Finally, the loss rate from the simple mixture 
was compared to commercially available ignitable liquids. 
 Degradation studies were conducted to observe the microbial degradation of a 
representative compounds (individually and in a simple mixture, both weathered and 
unweathered) and seven ignitable liquids of different ASTM E1618 classifications.  Potting soil 
was spiked with 20 µL of a liquid/compound and was allowed to stand at room temperature for a 
period of time.  The simple mixture was evaporated to 50% and 90% using a steady nitrogen gas 
flow to compare the degradation process to the unweathered mixture.  All samples were 




 The formation of by-products was not observed when degrading the compounds from the 
simple mixture individually as seen in other research.  The simple mixture, unweathered and 
50% weathered, resulted in rapid degradation of their oxygenated compounds.  The straight-
chained alkanes and toluene were observed to be more susceptible to microbial attack than the 
highly-substituted aromatics and the branched and cyclic alkanes.  The 90% weathered mixture 
followed the same degradation trend as the unweathered and 50% weathered samples, although it 
only contained two compounds.  The loss rates/half-lives for each simple mixture sample 
(unweathered, 50% weathered, and 90% weathered) were determined to be approximately 3.5, 
3.5, and 0.84 days.  The unweathered and 50% weathered sample half-lives were similar due to 
containing compounds with similar susceptibility to degradation, while the 90% weathered 
sample contained one compound that was more highly susceptible to degradation.  When 
comparing the 3.5 day half-life to the seven different ASTM class liquids, the isoparaffinic 
product and the naphthenic-paraffinic product had similar rates of degradation while aromatic 
solvent and normal alkane classes had the shortest half-lives.  When observing the degradation of 
the gasoline, medium petroleum distillate and the miscellaneous, the constituent compounds 
were seen to exhibit a range of degradation rates that corresponded to half-lives less than and 
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CHAPTER 1:  INTRODUCTION 
 Over the years, there have been a number of investigations and reports involving fire.  
The National Fire Protection Association (NFPA) 
[1]
 reported 282,600 intentional fires in the 
United States with 75% of those fires attributed to outside or unclassified fires between 2007 and 
2011.  The remaining 25% were from structural or vehicular fires.  Approximately 30% of the 
outside fires began in a lawn, field, or open area.  As recent as 2013, the NFPA 
[2]
 reported 
564,500 out of 1,240,000 fires were from outside fires and the Federal Bureau of Investigations 
(FBI) 
[3]
 reported nearly 44,840 arsons from 15,222 law enforcement agencies.   
Many studies over different kinds of fires, like structural, vehicular, and even outside 
fires, along with different laboratory techniques have been performed and reviewed 
[4]
.  
Currently, the analysis of fire debris evidence is straight forward:  visually inspect the evidence 
for consistencies between the label and container content, extract the ignitable liquid residue 
using an extraction technique(s) listed in Chapter 2, analyze the sample using gas 
chromatography-mass spectrometry (GC-MS), and assign the appropriate class and subclass to 
the possible ignitable liquid.  Typically, fire debris analysts determine the identification by 
comparing evidence/questioned samples to a reference through the use of visual examination and 
pattern recognition of the total and extracted ion chromatographic profiles.  This method of 
classification is best suited for weathered ignitable liquid residues (ILRs) or liquids subjected to 
evaporation or pyrolysis, not microbial degradation.   
The challenge with microbial degradation is that pattern recognition and analyst 
experience could still produce misclassification of an ignitable liquid.  Microbial degradation, as 
stated in past research in Chapter 2, is compound specific instead of boiling point specific.  The 
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analyst would not know how long the ignitable liquid was in the soil prior to evidence collection 
and if it also was subjected to evaporation due to the environment or the heat of the flame.  The 
analyst would not know if a compound was truly degraded or contributed as a by-product when 
comparing chemical abundance and ratio if further analysis was not recommended.  How long 
were the soil samples sitting at room temperature post evidence collection?  Would they know 
which compounds were lost in the ILR samples when contained in the soil for a period of time?  
How would the evidence sample be classified when analysis was complete?  Is the analyst 
working with a possible isoparaffinic product instead of a medium petroleum distillate?  All 
these questions are some concerns that analysts should be aware of when handling soil-
containing fire debris evidence.   
Chapter two summarizes a short review of fire debris analysis in regards to the role of the 
forensic analyst along with the characteristics used in classifying different types of ignitable 
liquids following the criteria established by the American Society of Testing Materials (ASTM) 
[5]
.  The different practices used for extracting and classifying ignitable liquid residues from 
evidence and some challenges present in fire debris and analysis will also be discussed in this 
chapter.  Finally, the degradation effects that microorganisms have on hydrocarbons and 
ignitable liquids will be discussed by giving examples of past research. 
Chapter three begins the research by describing the method utilized for this thesis.  The 
chemicals and materials (along with micropipettes use, analytical balances, and oven) will be 
listed along with manufacture.  Sample preparation for the three experiments in regards to soil 
and hydrocarbon mixture preparation will be discussed along with the instrumental parameter 
used and data preparation and analysis.  
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Chapter four discusses the results obtained from each experiment along with background 
studies supporting the formation of possible metabolites or by-products that may be visibly seen 
in the chromatograms through the degradation of fourteen compounds.  The second section 
discusses the results obtained from the quantitative analysis of the recovery of the compounds 
found in a prepared simple hydrocarbon mixture.  Lastly, the final results section observes the 
degradation of compounds during five sampling days of seven different ignitable liquid classes 
and the application of the simple hydrocarbon mixture half-life to the seven liquids would be 
discussed as well.  Chapter five includes the conclusion of this research.  This chapter will also 
include, to the forensic community, a suggestion on ignitable liquid half-life in soil evidence and 
future works will be mentioned. 
The purpose of this research was to better understand the effects that microbial 
degradation has on ignitable liquid residues obtained from organic rich material, such as soil, but 
at a smaller scale using a simple hydrocarbon mixture. 
The goals of this research were conducted in a three step process which is revisited again 
in Chapter 4.  The first step was to detect and/or identify possible by-products/metabolites 
produced that could potentially coincide with other compounds present in a liquid during 
microbial degradation by utilizing fourteen representative compounds.  The second step was to 
quantitate a possible loss rate of the hydrocarbons in a simple hydrocarbon mixture (unweathered 
and weathered).  The final step was comparing the loss rate/half-life from the simple mixture to 




CHAPTER 2:  BACKGROUND AND LITERATURE RESEARCH 
2.1 Fire Debris Review 
Fires consist of three elements:  a heat source, fuel, and oxygen.  A heat source could be 
from a lighter, a match or even a spark while the fuel has to be something combustible like crude 
oil and its derivatives.  Take away one or more of these elements and the fire would be snuffed 
out.  In a fire investigation, it is the role of the forensic scientist to determine if an ignitable 
liquid residue was present or the possibility of an ignitable source.  Once the evidence is properly 
packaged 
[6]
, the laboratory would analyze the evidence for possible identification of the fuel 
source which most likely contains a liquid that can burn easily called an ignitable liquid.  Most 
ignitable liquids are commercially available and contain simple to complex mixtures of organic 
compounds comprised of hydrocarbons (carbon and hydrogen only) and occasionally other 
organic compounds containing elements in addition to carbon and hydrogen (i.e., oxygen, sulfur, 
nitrogen).  It is important to classify the ignitable liquid residues (ILRs) in a fire/arson scene 
because it assists the investigator’s decision with regards to the fire’s origin, fuel used, and if the 
fire was accidental or incendiary 
[5]
.  
All ignitable liquids can be classified in one of eight classes and three subclasses based 
on certain criteria established by the American Society for Testing Materials (ASTM) E1618 
standard test method 
[5]
.  The eight classes established are gasoline, petroleum distillates 
(kerosene and diesel fuel), isoparaffinic products (aviation gas and paint thinners), aromatic 
solvents (paint removers and some insecticides), normal alkanes (candle oil), naphthenic 
paraffinic products (lamp oil and some charcoal starters), oxygenated products (cleaners and 
5 
 
lacquer thinners), and miscellaneous (turpentine and blended products).  The ignitable liquids are 
categorized by subclasses involving carbon range:  light with carbon range of C0 to C8, medium 
between C8 and C13, and heavy between C8 and C20+. 
Gasolines 
[5, 7]
 have a high aromatic to aliphatic ratio with the presence of o-, m-, and p-
ethyltoluene, 1,3,5-trimethylbenzene, 1,2,4-trimethylbenzene, and o-, m-, p-xylenes.  The 
alkanes are present with varying abundance and cycloalkanes are mostly not present.  
Polynuclear aromatics (condensed ring aromatics) are sometimes present and include 
naphthalene, 1- and 2-methylnaphthalene.  Petroleum distillates 
[5, 7]
 have a high aliphatic to low 
aromatic ratio.  The most common pattern seen in petroleum distillates is the Gaussian 
distribution of n-alkanes.  Branched alkanes, cycloalkanes, and aromatics are present but less 
abundant than compared to the normal alkanes.  Polynuclear aromatics are present depending on 
volatility and carbon range.  De-aromatized distillates are petroleum distillates which contain 





 products mainly consist of branched alkanes with little to no n-alkanes.  
Cycloalkanes, aromatics, and condensed ring aromatics are absent.  Aromatic solvents 
[5, 7]
 
mainly consist of aromatics.  Condensed ring aromatics may be present depending on the 
ignitable liquid while alkanes are absent or negligible.  Naphthenic paraffinic products 
[5, 7]
 
contain branched and cycloalkanes with little to no n-alkanes.  Aromatics and condensed ring 
aromatics are absent or present in very low abundances.  A characteristic of naphthenic 
paraffinic products is an unresolved envelop of peaks seen in the medium to heavy liquids.  
Normal alkanes 
[5, 7]
 consist of only straight-chain alkanes while the branched alkanes are absent.  
An ignitable liquid that contains an oxygenated compound, such as ketone and alcohols, is 
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classified as an oxygenated solvent 
[5, 7]
.  These can also contain alkanes, aromatics, and 
cycloalkanes depending on the liquid.  Any ignitable liquid that cannot belong to one of the 
classes mentioned above is classified as miscellaneous 
[5, 7]
. 
 The National Center for Forensic Science (NCFS) maintains an online database called the 
Ignitable Liquids Reference Collection (ILRC) and Database 
[9]
.  It was developed by the 
Technical and Scientific Working Group for Fire and Explosives (TSWGFEX) and the ILRC 
Committee classifies new ignitable liquid entries according to the ASTM E1618 test method.  In 
addition to the neat/unweathered reference samples, NCFS has added references for various 
stages of ignitable liquids exposed to either weathering or microbial degradation.   
2.2 Methods of Analysis 
 There are two types of extraction practices recommended by ASTM:  solvent extraction 
and headspace vapors.  Solvent extraction 
[10]
 uses a solvent (carbon disulfide, pentane, diethyl 
ether, petroleum ether) to extract ignitable liquid residues for analysis.  A solvent is used to 
moisten the sample/debris and then the solvent is decanted.  Nitrogen gas is used to evaporate the 
solvent to approximately 1.0 mL before transferring to a new container for analysis.  This 
practice is useful for substrates/evidence with nonporous surfaces.  It is not the most common 
standard practice due to its destructive nature of the extraction, potential chemical interference, 
and possibility of loss of highly volatile ILRs.   





 and dynamic headspace 
[13]
 concentration, and passive headspace concentration with 
solid phase microextraction 
[14]
.  Headspace vapor sampling employs heat to volatilize the ILRs 
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present in evidence samples.  Once the sample and container is heated and the ILR volatilized, 
the headspace vapor can be sampled directly or indirectly for analysis utilizing the gas-
chromatograph (GC).  Direct sampling uses a syringe to pull the headspace vapor from the 
container to manually inject in to the GC.  Indirect sampling uses a syringe to pull the vapors 
from a container and the vapors are injected into a headspace sample vial.  The sample is then 
injected automatically from the vial into the GC for analysis.  This extraction practice is useful as 
a screening technique for fire debris evidence, but is the least sensitive out of all the ASTM 
standard practices 
[11]
.  The possibility of the displacement between the less volatile and the 
highly volatile compounds could occur during the heating process which would result in a 
distorted chromatographic profile.  
 Passive headspace concentration 
[12]
 method uses an absorbent material, such as activated 
charcoal, to extract the ILRs from the headspace and utilizes a solvent to elute for analysis.  
Activated charcoal is placed inside the container which is then sealed.  The container is then 
heated to volatilize the ILR for adsorbing onto the activated charcoal.  The charcoal is removed 
after the sampling process and placed in a solvent (same solvent used in solvent extraction) to 
elute and analyze the ILR 
[12]
.  Passive headspace is a sensitive and universal technique that gives 
the analyst an opportunity to archive the sample for future use.  The main disadvantage in 
Passive Headspace is distortion to the ILR chromatographic profile through the displacement of 
compounds.  Displacement increases with increasing ignitable liquid concentrations and the 
temperature of the oven 
[12, 15]
.  If the oven temperature was too low, the higher molecular weight 
compounds would not be recovered due to their high volatility.  If the oven temperature was too 
high, the low volatile compounds would be displaced by the highly volatile compounds.  The 
8 
 
saturation limit of the activated charcoal strips are dependent on the size and the corresponding 
surface area 
[16]
.  When the strips decrease in size, the surface area available decreases causing 
the strip to become saturated and displacement among the compounds occur 
[16]
. 
 Dynamic headspace concentration 
[7, 13]
 utilizes both activated charcoal, under positive 
and negative pressure, and Tenax resin, with thermal desorption.  Positive pressure involves 
pushing inert gas through an inlet into the container which then pushes the headspace through the 
outlet into an activated charcoal tube with a flow rate between 200-1,500 mL/min.  The sample is 
heated to approximately 60 to 90°C with extraction duration to about one hour.  Negative 
pressure is similar to positive in regards to flow rate, extraction rate, and heating temperature.  A 
charcoal trap is placed at the inlet to filter out potential contaminants in the air whereas the 
activated charcoal tube is placed at the outlet to trap the ILR in the headspace.  Desorption 
processes for both pressures are similar to passive headspace concentration.  Extraction with 
Tenax 
[13]
 requires the sample to be heated and the container hole punched to connect a Tenax 
tube for collecting the headspace vapors.  A syringe is used to pull the vapors into the Tenax tube 
and is immediately sealed for description.  The Tenax tube is then placed in a thermal desorber 
coupled to a gas chromatograph-mass spectrometer (GC-MS) for desorption and direct analysis 
[7]
.  One difference between the two standard practices is that passive headspace is non-
destructive while dynamic headspace is potentially destructive, but both are sensitive and 
samples can be archived for future use 
[12-13]
.   
 Solid phase microextraction 
[14]
 is a technique that uses a polydimethylsiloxane coated 
fiber as the absorbent material and is desorbed directly into the GC injection port.  It is used in 
conjunction with the four extraction techniques described previously.  This sensitive technique is 
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useful for screening, extracting ILRs in aqueous solutions, and doesn’t require much residue 
headspace for recovery, but cross-contamination could occur if the fiber was not cleaned 
completely between samples.  Another disadvantage of SPME is possible distortion to the 
chromatographic profile.  Recovery of the ILR depends on a few factors:  container size, 
adsorption time and temperature, competition of sample matrix, ignitable liquid class and 
concentration 
[14]
.  If the temperature or concentration is too high, displacement among the low 
volatile compounds would occur resulting in a distortion of the full ILR profile.  Choosing a 
SPME fiber is important for analysis because the polymer coating of some fibers could adsorb 
compounds in a specific carbon range.   
 The test method used for the identification of ILRs is the ASTM E1618 use of gas 
chromatography-mass spectrometry (GC-MS) 
[5]
.  Once the ILR is separated into its components 
after extraction, the analyst would use the total ion chromatogram (TIC) and the extracted ion 
profile (EIP) to visually compare the questioned sample to a reference liquid analyzed under 
similar instrumental conditions.  Reference TICs provided by external libraries, databases like 
the ILRC from NCFS 
[9]
 , and published reference books such as the GC-MS Guide to Ignitable 
Liquids by Newman et al 
[17]
 could be useful in selecting the appropriate reference liquid.  The 
test method 
[5]
 provides recommended GC-MS parameters and a classification scheme for each 
type of liquid, mentioned in the above section 2.1 and other literature works 
[7-8]
. 
 This research and the ILRC at NCFS both use the ASTM E1412 passive headspace 





2.3 Challenges in Fire Debris and Ignitable Liquid Residue Analysis 
A challenge that the analyst faces when analyzing fire debris and interpreting the ILRs 
are possible alterations to the chromatographic profile.  These alterations occur in one of three 
(or a combination of) ways:  evaporation, pyrolysis/pyrolytic addition, and bacterial degradation 
[18]
.  Evaporation (or weathering) is the evaporative loss of organic compounds present in an 
ignitable liquid from either the temperature of the surrounding environment or the heat of the 
fire.  This process discriminates compounds based on the boiling point/volatility.  The more 
volatile a compound (low boiling point), the easier the compound would evaporate and the 
abundance of the less volatile compounds would appear to increase.   
The second alteration is pyrolysis/pyrolytic addition, defined as the addition of 
compounds produced from burning substrates such as carpet, house furnishings, clothes, or 
wood.  Pyrolysis commonly occurs in three degradation processes 
[19]
:  1) random scission which 
breaks random C-C single bonds found in a polymer backbone into smaller alkane and alkene 
compounds, 2) side group scission which is the cleavage of side groups attached to polymer 
backbone forming a polyene while further breaking down into aromatic compounds, and 3) 
depolymerization which reverts polymers back into monomer pieces.   
The last alteration process is bacterial/microbial degradation which is most commonly 
found in organic rich material like soil-containing fire debris evidence.  Hydrocarbon-utilizing 
microbes attack certain compound types found in various ignitable liquids and would distort the 
chromatographic profile which is further explained in the next section. 
 The fire debris data analysis practice relies on the visual examination of total ion and 
extracted ion chromatograms along with pattern recognition to determine the presence or absence 
11 
 
of an ignitable liquid residue in samples.  The three alterations listed above distort the 
chromatographic profiles which could aid in the misclassification of samples.  Evaporation is 
predictable due to compound volatility seen in the TICs while the EICs can aid in distinguishing 
what peaks in the TIC are pyrolytic compounds.  Microbial degradation, on the other hand, is 
dependent on many factors such as the types of microbes present and how they metabolize 
hydrocarbons, how long the IL was in the soil, type of climate and the season the sample was 
found i.e. soil nutrients, water content, etc.  An example of this alteration would be the 
degradation of a petroleum distillate.  Here, the microbes could attack and degrade the n-alkanes 
leaving only the branched alkanes which would cause the analyst to misclassify as an 
isoparaffinic product once analysis is performed. 
2.4 Research Advancements in Microbial Degradation  
2.4.1 Microbial and Soil effects on Hydrocarbons 
Microorganisms are microscopic beings that consist of bacteria, archaea, fungi, etc.  They 
assist in metabolizing and breaking down organic matter into carbon dioxide through aerobic 
(oxygen dependent) or anaerobic (nitrogen, sulfur, methane utilizing) processes 
[20]
.  
Microorganisms can be isolated from freshwater, marine water, soil, and in thriving microbial 
communities consisting of a variety of bacteria in petroleum reservoirs at oil fields 
[21-22]
.  In 
these different environments, nutrients, temperature, and oxygen availability play a role in the 
rate of hydrocarbon.  Nutrients, such as nitrogen and phosphorus, can either facilitate in 
hydrocarbon degradation or become the limiting factor 
[21, 23-24]
.  Further examples of the effects 
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of nutrients are included in the section 2.4.2.  Oxygen is utilized by microorganisms for the 
initiation of many of the important metabolic pathways for degrading hydrocarbons.  In the 
absence of oxygen, some microorganisms are capable of degrading benzene and alkyl-substituted 
aromatics utilizing an anaerobic process.  Microbial activity is temperature dependent, so at 
lower temperatures the rate of degradation decreases along with slowing volatilization of low 
boiling compounds and potentially changes the petroleum composition.  These environmental 
factors also facilitate the production and release of microbial volatile organic compounds found 
in the soil and microorganisms by-products which could potentially interfere in analysis of 
ignitable liquid residue classification 
[25]
. 
Microbial degradation is dependent on chemical type, as seen in past research 
[26]
 and 
other literature works 
[23]
.  Typically, the aliphatic hydrocarbons are more susceptible than the 
aromatic hydrocarbons to microbial degradation and the normal alkanes within the C6-C15 range 
are the most readily degradable compounds in crude oil and ignitable liquids.  Normal alkanes 
are more susceptible to degradation than isoprenoid alkanes for compounds C15 and higher.  
Additional considerations of degradation observed in the C6-C15 range are as follows: 
 First sign of degradation are the n-alkanes within the C10-C13 range. 
 Aromatics are more resistant to degradation than the aliphatics. 
 Branched and cyclic alkanes are more resistant to degradation than the straight-
chained (normal) alkanes. 
 Resistance increases with greater alkyl substitution for branched alkanes, 
alkylbenzens, and alkylcyclohexanes and pentanes. 
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 Resistance dependent on methyl group position (ex. 2-methylalkane < 4-
methylalkane) and adjacent methyl groups on isomers increases degradation 
resistivity (ex. 1,2,3-trimethylbenzene and 1,2,3,4-tetramethylbenzene greater 
resistance than other C3- and C4-alkylbenzenes). 
Another trend of hydrocarbon degradation are the n-alkanes being the most susceptible to 
microbial attack, then branched alkanes, low molecular weight aromatics, and finally the cyclic 
alkanes as the most resistant 
[22]
.  For the scope of this research, the effects of microbial activity 
have on hydrocarbons chemically been observed. 
Studies have been accomplished to observe how microbial communities can affect 
hydrocarbons and eventually ignitable liquids. Ghazali et al 
[27]
 studied the microbial effects of 
three microbial consortia has on hydrocarbon-contaminated soil.  Consortium 1 (contained two 
strains of Pseudomonas aeruginosa and one strain of Bacillus) and Consortium 2 (consortium 1 
plus two different strains of Bacillus and one strain of Micrococcus) were used to degrade diesel 
fuel and engine oil for 0, 15, 30, 45, and 60 days.  They observed degradation of the middle and 
long chain aliphatics, within the C14-C24 range, increased with the addition of both Consortia 
when compared to a control.  Degradation in Consortium 2 was more extensive when compared 
to Consortium 1.  When observing the engine oil, the aliphatic compounds were greatly reduced 
by Consortium 2 after 30 days, while the branched alkanes pristine and phytane remained 
present.  Pristine and phytane were degraded to approximately half to a twentieth of original 
abundance respectively after 60 days.  Ghazali et al 
[27]
 concluded the soil with Consortium 2 
displayed greater degradation over Consortium 1 and suspected that the additional Bacillus 
strains facilitated in the fast degradation observed in Consortium 2 soil samples. 
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da Cunha et al. 
[28]
 experimented on how different microbial communities (both 
individually and combination of) would degrade Brazilian gasoline in soil-containing mineral 
medium and indigenous bacteria.  Pseudomonas putida, Burkholderia cepacia, Pseudomonas 
alcaligenes, and Klebsiella pneumoniae are the bacterial cultures utilized and identified from the 
soil and their personal culture collection.  Treatment systems were prepared and tested by mixing 
inoculum with unsterilized soil, a nitrogen source (NH4NO3), oxygen source (hydrogen 
peroxide), and indigenous microbes.  They concluded out of the sixteen treatment systems, only 
the first system with the indigenous bacteria and system 13 (indigenous bacteria, P. putida, P. 
alcaligenes, and B. cepacia) were best suited to degrade gasoline. 
2.4.2 Degradation of Ignitable Liquids 
The research that Mann and Gresham 
[18]
 performed was to determine that bacteria type, 
temperature, and nutrition affected the rate of degradation/consumption.  Thirty-six samples of 
fertilized garden soil were spiked with 200 µL of unleaded regular gasoline.  Twelve soil 
samples were autoclaved (sterilized) and stored at -5°C, and twenty-four samples were stored at 
room temperature with half autoclaved.  The soils were tested over a course of 60 days using 
static headspace and gas chromatography-flame ionization detector (GC-FID).  They found that 
that the mono- and di-substituted benzenes and n-alkane degradation decreased slowly by two 
days in the unsterilized soil.  By day 4, the compounds were completely degraded and 1,3,5-
trimethylbenzene and the branched alkanes remained by 60 days.  The chromatographic profile 
of the gasoline recovered from the sterilized and -5°C soils were similar to the original gasoline 
profile with little change during the 60 day analysis.  Comparing this study to their initial, similar 
15 
 
degradation trends were observed but not the chemical species such as toluene, the n-alkanes, 
benzene, and n-alkylbenzenes.  They concluded the bacteria preferred n-alkanes and the low 
substituted benzenes in the -5°C and sterilized soils.  Different times of the year affected 
aromatic degradation when using the same soil and it is dependent on bacteria type.  Mann and 
Gresham 
[18]
 recommended freezing or refrigerating soil-containing fire debris evidence to slow 
down degradation until lab analysis.  They also noted ignitable liquid identification may not be 
possible when degradation takes place and to compare samples using references 
[18]
. 
Kirkbride et al. 
[29]
 continued Mann and Gresham’s study by examining the 
microorganism effects on hydrocarbon ignitable liquids in vitro and sample matrices similar to 
fire debris evidence.  They inoculated the soil from arson residues into cultures with a salt 
medium and aliquot of accelerant.  Seven cultures (from four gasolines and three shellites) were 
obtained and two microbes were identified from the cultures as Pseudomonas putida and 
Pseudomonas fluorescens biovar lll.  The in vitro samples and control were prepared by adding 
0.1 mL of inoculum to liquid growth medium and a fuel in a biological oxygen demand bottle.  
The arson residue experiment was prepared combining an inoculum to sterile soil, unleaded 
gasoline, and Stainer’s mineral medium.  For both experiments, the headspace was withdrawn 
and analyzed with gas-liquid chromatography (GLC) at various times.  The two microbes were 
observed by culturing them with unleaded gasoline samples in minimal nutrient and nutrient 
mediums.  Benzene, toluene, ethylbenzene, and iso- and n-propylbenzene peaks were absent 
from the gasoline in minimal nutrient medium, while remaining in the nutrient medium.  They 
concluded the results were due to the gasoline being the only carbon source available to the 
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microbes in the minimal nutrient medium while the microbes had a choice of carbon source 
(gasoline or nutrients) in the nutrient medium 
[29]
. 
In the in vitro experiments, Kirkbride et al. 
[29]
 observed that P. putida preferred 
aromatics over aliphatics.  Over a 48 hour period, the benzene, toluene, and ethylbenzene 
decreased in abundance within 15 hours while being completely degraded between 30 to 40 
hours.  The higher substituted aromatics slowly degraded over a period of six weeks.  With these 
results, they found that aromatic substituents larger than methyl were more resistant to microbial 
attack.  They noted that P. fluorenscens preferred the aliphatics though degradation rates were 
slower compared to P. putida.  They observed the quick degradation of the n-alkanes when 
compared to the branched alkanes.  Both Pseudomonas strains were mixed (similar to soil-
containing fire debris evidence) and they observed that both aliphatic and aromatics degraded but 
at different rates.  Kirkbride et al. 
[29]
 concluded that certain microbe strains prefer different 
chemical types, and the aliphatics degraded slower than benzene and the monosubstituted 
aromatics.  They suggested either use a non-volatile bactericide or keep under refrigeration to 
slow microbial attack.  They also suggested the ability to recognize when an ignitable liquid is 
subjected to microbial degradation on the chromatographic profile and to demonstrate that the 
evidence contains hydrocarbon-utilizing microorganisms 
[29]
. 
In 2001, Chalmers et al. 
[30]
 expanded on the research performed by Kirkbride, Mann and 
Gresham by studying the effects of microbial attack on five automotive gasolines, a medium and 
a heavy petroleum distillate (MPD and HPD).  Two soil types were used, fertilized garden soil 
and unplowed/unfertilized field soil, and 200 µL of the liquid was used to spike 250 g of soil in a 
glass jar.  Five tests were performed:  1) two soil controls (garden and field soil) spiked with 200 
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µL of prepared hydrocarbon solution, 2) the addition of five automotive gasolines in field soil, 3) 
addition of Petro-Canada regular gasoline in field soil, 4) field soil spiked with the MPD and 5) 
field soil spiked with the HPD.  Passive headspace absorption was used with DFLEX
®
 
(Diffusion Flammable Liquid Extraction) charcoal strips for extraction and analysis was 




Chalmers et al. 
[30]
 noted in the first test both soils contained aliphatic-utilizing bacteria 
due to the degradative loss of the n-alkanes along with a decrease in the low boiling aromatics.  
Their results from the field soil were similar to the aromatic loss from previous research from 
Mann and Gresham 
[18]
.  When analyzing the gasolines, octane (C8) and nonane (C9) were less 
abundant than hexane (C6) and decane (C10) between 0 and 2 days with no change to the 
aromatics.  After 4 days, all compounds decreased slightly in abundance while C6, C8, C9, and 
ethylbenzene decreased further.  The alkanes mentioned and ethylbenzene degraded to the 
baseline while toluene was half consumed and the C2- and C3-alkylbenzene ratio remained 
unaffected after 7 days.  By 14 days, toluene decreased in abundance and the C2- and C3-
alkylbenzene ratio changed.  For the MPD test, little changes were observed during the first 
week.  The summed ion profile was utilized to detect the decreasing abundance of the n-alkanes 
and the minimal change of the aromatics after 14 days.  The HPD was slightly similar to the 
MPD in regards to minimal changes in profile between 2 to 4 days.  After 7 days, the higher 
boiling n-alkanes decreased while some branched alkanes increased in abundance and the 
aromatics remained unchanged.  The n-alkanes by 14 days significantly reduced or completely 
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degraded compared to the branched alkanes and a slight decrease for the aromatics compared to 
day 0.   
Chalmers et al 
[30]
 concluded their study supported past research in regards to the higher 
susceptibility of degradation to the n-alkanes and monosubstituted aromatics over the highly 
substituted aromatics and aliphatics.  They suggested like Kirkbride, Mann and Gresham that soil 
evidence should be first priority.  Samples should be kept in low temperatures or mixed with 
non-volatile bactericide to soil to keep degradation to a minimum 
[30]
. 
Turner et al. 
[26, 31-35]
 in recent years, contributed much to the fire debris community in 
regards to better understand microbial degradation of ignitable liquids.  In 2009, they analyzed 
four different ignitable liquid classes by quantitative and qualitative analysis 
[26]
.  Four classes 
(gasoline, isoparaffinic product, MPD, and HPD) were spiked into approximately 40-90 grams of 
potting soil for 2 and 7 days.   Passive headspace concentration and GCMS were the techniques 
performed for extraction and analysis.  When analyzing the microbial effect of gasoline after 2 
days, C8 and C10 disappeared and the monosubstituted benzenes/aromatics decreased; however, 
any peaks attributed to the identification of gasoline were degraded after 7 days.  When 
observing the MPD, the n-alkanes rapidly degraded during 2 days and after day 7 only the 
branched alkanes remained.  The HPD had the n-alkanes degrade by 2 days and an unresolved 
envelope of branched alkanes remained by 7 days.  The chromatographic profile of the 
isoparaffinic product changed little during the analysis.  They concluded the degradation trend 
observed had similar effects to some other researchers and that the degradation was selective 





In 2011, Turner et al. 
[31]
 tested the effects of microbial degradation on lamp oil 
(naphthenic paraffinic product), turpentine (miscellaneous), and torch fuel (de-aromatized 
petroleum distillate).  The sample preparation, extraction, and analysis were the same as the 2009 
study.  They observed in the torch fuel that n-dodecane and undecane degraded during the 3 
sampling days (0, 2, and 7) while the abundance of the branched alkanes increased compared to 
2-methylundecane and 3-methylundecane.  When regarding the cycloalkane EIP, they found 
degradation increased with increasing alky groups on the cyclohexane ring.  The changes to the 
naphthenic paraffinic product (lamp oil) were slight during days 0, 2, and 7 in regards to peak 
abundance.  The microbial trends were similar to torch fuel in regards to a loss in 2- and 3-
methylundecane when compared to the higher substituted branched alkanes and the cyclohexane 
alkyl chains.  The peaks limonene, β-pinene, and o-cymene in turpentine decreased in abundance 
for all three days.  They concluded in this research the n-alkane loss in torch fuel could be 
misclassified as an isoparaffinic product while 2- and 3-methylundecane were subjected to 
degradation in the naphthenic paraffinic lamp oil.  With these observations, highly substituted 
branched alkanes with methyl groups at higher positions on a chain are more resistant to 




In 2012, Principal Components Analysis (PCA) was utilized to compare the effects of 
weathering and microbial degradation and as well as the relationship between both using 
uncommon variables 
[32]
.  Fifteen culture tubes were weighed and sealed with gasoline while 
twelve were weathered at four points (25%, 50%, 75% and 90%) and resealed.  Twenty 
microliters of gasoline were spiked on kimwipes and 90 grams of potting soils, sealed for 0, 7, 
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11, and 22 days.  The extraction and analysis techniques were the same as the two previous 
research experiments.  Turner and Goodpaster 
[32]
 performed an initial test and found weathering 
was based on boiling points and the gasoline sample dominated by aromatics; whereas the 
degradation experiment concluded the monosubstituted aromatics were degraded within two 
weeks and the n-alkanes by seven days.  Most compounds were heavily degraded by 22 days.  
Principal components analysis 
[32]
 compared both unweathered and Day 0 samples and both 
clustered together in the upper left quadrant in the Factor Loading Plot which resulted in minor 
changes between both processes; with weathered samples following the first horizontal principal 
component and degradation following the second vertical component.  By their observations of 
the chemical differences, the low boiling components clustered in the upper left quadrant which 
corresponds to samples weathered less than 75%; while the higher boiling components clustered 
in the upper right quadrant for samples greater than 75% weathered.  Similarly, the readily 
degradable compounds (exposure less than two days) were clustered in the upper right quadrant 
of the Factor Loading Plot while the more resistant compounds (exposure greater than two days) 
were clustered in the upper right.  From their results, they concluded PCA could distinguish 
between weathering and microbial degradation 
[32]
. 
Turner and Goodpaster 
[33]
 observed, in 2013, the microbial degradation effects of 
gasoline from incendiary devices by season, soil type, substrate, and gasoline volume.  Initial 
testing with substrate, i.e. glass, concluded toluene and C2-alkylbenzenes recovered from the 
glass on day 0 were weathered although the naphthalenes and C4-alkylbenzenes increased in 
abundance.  That sample was similar to a sample weathered to 98%.  The gasoline recovered 
from the soil had toluene and the C2-alkylbenzenes which was representative of a 75% weathered 
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sample.  They found, based on the observations previous, that porous materials can protect an 
ILR from weathering verses non-porous that can recover more residue.  The soils (potting and 
lawn) were similar until day 7 (stored for 0, 2, 7, 11, 22, 29, 45, and 60 days) with toluene and 
the C2-alkylbenzenes from the lawn soil decreased in abundance.  After 60 days, gasoline 
abundance was lower in the lawn soil compared to the potting which could potentially come 
from the presence of different microorganisms.  Principal Components Analysis demonstrated 
that soil type affects the rate of degradation on the gasoline samples.  Turner et al 
[33]
 observed 
degradation was slower during the winter season than the summer.  The effects of volume was 
tested, wine and beer bottles filled to the neck, by observing the ratios of the C2- and C3-
alkylbenzenes.  They concluded the residues recovered from the glass lost only the low boiling 
compounds whereas the soil lost both the low and high boiling compounds with varying degrees 
of degradation due to soil type (determined through PCA).  Microbial degradation varied 
between seasons with winter exhibited higher activity than in summer.  The volume may affect 
the sample’s profile in regards to relevant peak ratios 
[33]
. 
 Turner et al. 
[34]
 studied the effects of microbial degradation of gasoline with different 
soil types in 2014.  The pH, nitrogen, phosphorous, potassium, and heavy metal levels were 
tested for three soils (residential sandy clay, agricultural pella clay, and brownfield clay mix).  
They found that the pH was between 6.3-6.6 for all soils and the brownfield had the lowest NO3 
and ammonium levels with the agricultural soil the highest.  Residential soil had the highest 
potassium and phosphorous levels and all soils had non-contaminated levels of heavy metals.  
Six bacteria genera were tested and identified:  Acinetobacter, Alcaligenes, Bacillus, 
Arthrobacter, Flavobacterium, and Pseudomonas.  Alcaligenes was the most detected microbe in 
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all their soil samples.  The microbial degradation of all soils was observed with the n-alkanes 
decreasing by 7 days and the C3-alkylbenzene ratios were different per soil sample.  The 
residential and agricultural soils were subjected to the most microbial attack than the brownfield 
gasoline samples after 30 days.   
Through the use of PCA 
[34]
, the residential soil was mainly comprised of n-alkanes and 
monosubstituted aromatics on day 0 and then to the di- and tri-substituted aromatics.  After 22 
and 30 days, all components were degraded leaving benzaldehyde, a possible by-product of 
toluene, behind.  The degradation of n-alkanes and monosubstituted aromatics were slower in the 
agricultural soil after 2 days, and then significantly decreased leaving benzaldehyde behind by 22 
days.  They observed that the microbial degradation for the brownfield soil was similar to the 
agricultural soil but toluene was present after 22 and 30 days along with benzaldehyde.  Turner 
et al. 
[34]
 concluded that even though degradation was observed in all soils, there was less activity 
seen in the brownfield soil then the residential and agricultural.  They also concluded the main 
microbe contributors to the degradation of the gasoline samples was not from Pseudomonas and 
Alcaligenes unlike previous research 
[34]
. 
 The last experiment performed by Turner et al. 
[35]
 was in 2015 was to quantify and 
identify microbial cultures found in sandy soil, observe degradation effects of gasoline in soil 
exposed to four seasons, and how the properties of soil relate to degradation.  The physical and 
chemical characteristics of the soil were collected and they noticed that some properties varied 
between seasons such as nitrate levels and the slight variation of ph.  Six bacteria were identified 
as the same six from the 2014 research with Alcaligenes being the most abundant.  All samples 
from the four seasons were observed with the n-alkanes degrading after seven days and 
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significantly reduced by 15 days.  They noted that the degradation process for n-alkanes were 
faster during the winter season than the summer.  The alkylbenzenes were not degraded as 
quickly as the n-alkanes but still followed the trend of monosubstituted aromatics degrading 
faster than the highly substituted aromatics.  The fall and winter samples, within 30 days, had a 
reduction of alkylbenzene abundance and peak ratios changed during the spring.  With that data, 
Turner et al. 
[35]
 created PCA bitplots for each season.  The fall bitplot had day 0 gasoline sample 
clustered with the easily degraded compounds and day 2 shifted to the more resistant 
compounds.  Eventually the data moved away by four days and towards benzaldehyde by 22 
days.  The winter bitplot was similar in regards to day 0 clustering with easily degrading C14-C15 
n-alkanes and monosubstituted benzenes.  Days 2 and 4 shifted between the easily degraded C7-
C13 n-alkanes and the higher substituted aromatics.  The winter data shifted towards 
benzaldehyde between 7 and 30 days.  The 0 day compounds clustered with the C9-C15 n-alkanes 
and toluene in the spring bitplot.  The data changed to move closer to the higher substituted 
aromatics between 2 to 4 days until moving towards benzaldehyde by 22 days.  The summer 
bitplot constructed by Turner et al. 
[35]
 was different than the others in regards to days 0, 2, and 4 
data was placed near the C9-C11 n-alkanes, toluene, ethyl-, propyl- and isopropylbenzene.  By 30 
days the data shifted towards the more resistant compounds.  With these results, Turner et al. 
[35]
 
concluded the microbial degradation process for all samples followed the trend of n-alkane and 
monosubstituted aromatics were less resistant to degradation than the highly substituted 
aromatics.  They found the summer season had less microbial activity compared to the fall, 
spring, and winter seasons. 
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 Hutches et al. 
[36]
 in 2013 tested the effects of microbial degradation from mold cultures 
of gasoline on dry and damp wood shims and gypsum wallboard for 0, 2, 7, and 14 days.  
Passive headspace concentration with GCMS was used for extraction and analysis.  Hutches 
observed two different mold growths on the wood shims and wallboard along with the 
degradation of aromatics were consistent with past research on the wood samples.  After 2 days 
the C2- to C3-alkylbenzene ratios were altered with a reduction of ethylbenzene and C2-C3-
ethyltoluene peaks.  Toluene, ethyl-, and propylbenzene completely degraded by seven days.  
The gasoline pattern was gone within 14 days and the alkane EIP showed slight degradation of 
branched alkanes and n-alkane reduction.  There was a failure to observe degradation in most 
samples though some displayed the n-alkane and aromatic trend.  Hutches et al. 
[36]
concluded 
uniformity between mold and soil degradation was not achieved, but this experiment could be 







CHAPTER 3:  METHODS/EXPERIMENTATION 
 This chapter contains the methods used for three experiments: 1) individual compound 
analysis, 2) simple hydrocarbon mixture, and 3) biodegradation of 7 ASTM ignitable liquid 
classes. 
3.1 Chemicals and Materials 
 The chemicals used for the individual compound and simple hydrocarbon mixture 
experiments are listed below: 
 Tetradecane, analytical standard, CAS# 629-54-4 (Fluka® Analytical, St. Louis, MO, 
USA) 
 2-butoxyethanol or ethylene glycol butyl ester, analytical standard, CAS# 111-76-2 
(Fluka
®
 Analytical, St. Louis, MO, USA).   
 2-methylnapthalene β, ≥95%, CAS# 91-57-6 (Fluka®) 
 Toluene, HPLC 99.9%, CAS# 108-88-3 (Sigma-Aldrich®, St. Louis, MO, USA) 
 2-heptanone, 99%, CAS#110-43-0 (Sigma-Aldrich®, St. Louis, MO, USA)  
 p-xylene, anhydrous 99+%, CAS# 106-42-3 (Sigma-Aldrich®, St. Louis, MO, USA) 
 Ethylcyclohexane, ≥99%, CAS# 1678-91-7 (Aldrich® Chemistry, St. Louis, MO, 
USA) 
 2-methylheptane, 98%, CAS# 592-27-8 (Aldrich® Chemistry, St. Louis, MO, USA) 
 Undecane, 99+%, CAS# 1120-21-4 (Aldrich® Chemistry, St. Louis, MO, USA) 
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 1,3-dimethylcyclohexane, mixture of cis and trans, CAS# 591-21-9 (Aldrich® 
Chemistry, St. Louis, MO, USA) 
 2,2,5-trimethylhexane, CAS# 3522-94-9, ( Ordered outside the US through Aldrich® 
Chemistry, St. Louis, MO, USA) 
 2-ethyltoluene, 99%, CAS# 611-14-3 (Aldrich®, St. Louis, MO, USA) 
 1,2,4-trimethylbenzene, 98%, CAS# 95-63-6 (Aldrich®, St. Louis, MO, USA) 
 Nonane, 99%, CAS# 111-84-2 (Aldrich® Chemical Co., Milwaukee, WI, USA) 
The internal standard used for the quantitative analysis of the simple hydrocarbon mixture 
was dodecane (analytical standard, CAS# 112-40-3) and was purchased from Fluka
®
 (St. Louis, 
MO, USA).The solvent used for all experiments was carbon disulfide (CS2) low benzene (CAS# 
76-15-0) from Fisher Scientific (Fair Lawn, NJ, USA).  Pentane (99+% for spectroscopy, CAS# 
109-66-0), from Acros Organics (New Jersey, USA), was used for the GC syringe solvent 


































Figure 3.1-1:  Chemical Formulas and Structures of toluene n-pentane (a), n-nonane (d), n-
undecane (c), n-dodecane (d), n-tetradecane (e), 2-methylheptane (f), 2,2,5-trimethylhexane (g), 
2-heptanone (h), 2-butoxyethanol (i), toluene (j), p-xylene (k), 2-ethyltoluene (l), 1,2,4-
trimethylbenzene (m), 2-methylnaphthalene (n), ethylcyclohexane (o), 1,3-dimethylcyclohexane 
(p), and carbon disulfide (q). 
The ignitable liquids used in the third experiment were provided by the National Center 
for Forensic Science (NCFS) and they are as follows:  SRN 52 Ortho Malathion 50 Plus Insect 
Spray Conc. (Aromatic), SRN 105 Phillips 66 Unleaded Regular (Gasoline), SRN 12 ShellSol 
OMS (Isoparaffin), SRN 46 Pro-Gard Injector PLUS Intake Valve Cleaner (MPD), SRN 16 STP 





Paraffinic), and SRN 236 Aura Lamp Oil (Normal Alkane).  The solvents used for GC analysis 
were the same as the first two experiments. 
Activated charcoal strips (ACS) were purchased from Albrayco Technologies Inc.  Pint 
size paint cans were purchased from Best Containers.  Smooth finish trombone paperclips from 
Staples® and Walgreen unwaxed dental floss were used to hold the ACS in place inside the can.  
A Fisher Scientific Isotemp oven was used to heat the cans.  Nitrogen gas provided by Air 
Liquide
™
 was used to evaporate the simple hydrocarbon mixture to 50% and 90% weathered.  
Eppendorf micropipettes (1-20 µL, 10-100 µl, and 1-1000 µL) were used to transfer liquids into 
cans or GC vials for analysis using Fisherbrand® Redi-Tip™ Reference specialty tips (1-2000 
µL) and General purpose (101-1000 µL).  The substrate used for all experiments was Hyponex® 
Potting Soil by Scotts® from Walmart®.  A Mettler Toledo PB153-S analytical balance was 
used to measure the soil.  
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3.2 Sample Preparation 
3.2.1 Experiment 1 and 3 
In preparation for experiment 1, each chemical was checked individually for retention 
time and baseline resolution by placing 10 µL of chosen chemical in a GC vial with 1 mL of 
carbon disulfide.  Approximately 90 grams of potting soil was weighed and placed into paint 
cans (or Ziploc
®
 bags for storage) and spiked with 20 µL of liquid.  Once spiked, the cans were 
allowed to stand at room temperature for 0, 7, and 14 days for experiment 1 and 0, 1, 3, 5, and 7 
days for experiment 3.  The extraction method used was passive headspace concentration 
[12]
.  
The 0 day can sat for approximately 45 minutes to one hour before an activated charcoal strip 
(ACS) was hung in the headspace with dental floss and a paperclip.  Following the addition of 
the ACS, each can was placed in the Isotemp oven for 4 hours at approximately 85°C for 
absorption.  After heating, the cans were cooled to room temperature before extracting the ACS.  
Half of the ACS was placed in a GC vial with 0.5 mL of CS2 while the other half was archived 
for future analysis.  Soil controls for all experiments were prepared using the methods above for 
0 days. 
3.2.2 Experiment 2 
An equimolar hydrocarbon mixture of 0.001 M in each compound and 0.0005 M of 2,2,5-
trimethylhexane was prepared using the volumes located in Table 3.2-1.  This mixture was 




Table 3.2-1:  Data for preparation of 0.001 M solution of each compound 
Compound MW (g/mol) D (g/mL) Vol/wt 
toluene 92.14 0.865 1.072 
2-methylheptane 114.19 0.698 1.636 
1,3-dimethylcyclohexane 112.21 0.767 1.463 
2,2,5-trimethylhexane 128.26 0.723 0.887 
ethylcyclohexane 114.23 0.703 1.424 
p-xylene 112.21 0.788 1.239 
2-heptanone 106.17 0.861 1.393 
2-butoxyethanol 114.23 0.82 1.310 
n-nonane 118.17 0.902 1.786 
2-ethyltoluene 120.19 0.887 1.355 
1,2,4-trimethylbenzene 120.19 0.88 1.366 
n-undecane 156.31 0.74 2.112 
2-methylnaphthalene 142.20 1.00 1.422 g 




 Two stock solutions were utilized for the preparation of the calibration standards:  an 
internal standard and a hydrocarbon solution, both in CS2.  The preparation of the internal 
standard was accomplished by mixing 5.3 µL of n-dodecane in CS2 for a molar concentration of 
2.35x10
-5
 M of each compound.  An equimolar hydrocarbon solution of 2.35x10
-5
 M of each 
compound along with 1.175x10
-5
M of 2,2,5-trimethylhexane was prepared in CS2.  The volume 









Table 3.2-2:  Data for Calibration standards 









































Vol.=Volume    IS=Internal Standard 
HC=Hydrocarbon   M=mol/L=Concentration 
Std=Standard    Soln.=Solution 
 
 For weathering the samples, a graduated microvial was filled with 10 mL of the 
equimolar hydrocarbon solution.  Nitrogen gas flowed gently over the mixture.  The weathered 
percentages were 50% and 90% with volume reduction of 5.0 mL to 9.0 mL respectively.  One 
milliliter of CS2 was added to an autosampler vial with 10 µL of the weathered mixture for GC 
analysis.  The purpose of analyzing each weathered point was to verify which compounds were 
recoverable in the biologically degraded samples. 
Approximately 90 grams of potting soil were weighed and placed into paint cans (or 
Ziploc
®
 bags for storage) and spiked with 20 µL of mixture.  Once spiked, the cans stood at 
room temperature for 0, 2, 7, and 14 days.  Can 0 sat for approximately 45 minutes to one hour 
before an activated charcoal strip was hung in the headspace with dental floss and a paperclip.  
The cans were placed in the Isotemp oven for 4 hours at approximately 85°C for absorption.   
After heating, each can was cooled to room temperature before removing the ACS and 
hole-punching the strip three times for triplicate analysis.  The unweathered samples were placed 
into GC vials containing 0.5 mL of CS2 and 0.5mL of the internal standard (IS) solution.  As 
ignitable liquids evaporate, the relative abundance of the compounds present increases, so to 
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make all samples level, the 50% and 90% weathered samples were diluted by being placed in 
1.00 mL of CS2 for desorption.  The samples (0.5 mL for the 50% weathered and 0.1 mL for the 
90% weathered) were then transferred into GC vials containing 0.5 mL of IS solution and 0.4 mL 
of CS2 plus 0.5 mL of IS respectively for GC analysis.  
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3.3 GC-MS Instrumental Parameters 
The instrumental parameters for the three experiments were similar with the exception of 
the instrument model and inlet mode.  The methods for each experiment are named as follows:  
ILRC2010 for experiment 1, ILRC2014JHK for experiment 2, and ILRC2014 for experiment 3.  
The following table encompasses the parameters for each method used. 
Table 3.3-1:  Instrumental Parameters 
 ILRC2010 ILRC2014JHK ILRC2014 
Instrument Model    
 GC Agilent 6890 series Agilent 6890 series Agilent 7820A 
 MSD Agilent 5973 Agilent 5973 Agilent 5977E 
 Autosampler 7683 series 7683 series 7693A 
Oven    
 Initial temp 50°C 50°C 50°C 
 Initial time 3.00 min 3.00 min 3.00 min 
 Rate 10°C/min 10°C/min 10°C/min 
 Final time 280°C 280°C 280°C 
 Final temp 4.00 min 4.00 min 4.00 min 
Column    
 Type Agilent 19837Z-202 
HP-1 methyl siloxane 
Agilent 19837Z-202 HP-1 
methyl siloxane 
Agilent 19837Z-202 HP-1 
methyl siloxane 
 Length 25.0 m 25.0 m 25.0 m 
 Diameter 200.0 µm 200.0 µm 200.0 µm 
 Thickness 0.50 µm 0.50 µm 0.50 µm 
 Linear Velocity 40 cm/sec 40 cm/sec 42.14 cm/sec 
Inlet    
 mode Split Splitless Split 
 Spit ratio 50:1 NA 50:1 
 Carrier Gas Helium Helium Helium 
 Temp. 250°C 250°C 250°C 
Sample Vol. 1.0 µL 1.0 µL 1.0 µL 
MSD    
 Quad Temp 150°C 150°C 150°C 
 Source temp 230°C 230°C 230°C 
 Scan parameters 30-350 amu 30-350 amu 30-350 amu 




3.4 Data Preparation and Analysis 
The total ion chromatograms (TIC) were exported from MSD ChemStation to a CSV file.  
The data was then compiled for each compound in Microsoft Excel and the intensities of each 
were normalized relative to day 0.  The chromatograms were then cropped to show only the 
sample/compound of interest.  The peak areas for the fourteen compounds in all experiment 2 
standards and samples were determined by using the RTE Integrator program within the MSD 
ChemStation software (see Figure 3.4-1 for parameters).   
 
Figure 3.4-1:  RTE Integrator Parameters 
The integration results were copied into Microsoft Excel and the area ratios were 
obtained by dividing the areas of the compound/analyte over the internal standard, n-dodecane.  
The average, standard deviation, and percent relative standard deviation of the area ratios were 
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calculated using Microsoft Excel as well.  Microsoft Excel and R were both utilized to obtain the 
slope, y-intercept, standard errors, limits of detection (LOD), limits of quantitation (LOQ) and 
the confidence limits for the calibration curves.  The total moles recovered per day for the 
unweathered, 50% and 90% weathered hydrocarbon mixture were calculated with Microsoft 




CHAPTER 4:  RESULTS AND DISCUSSION 
4.1 Experiment 1:  Individual Compounds 
This experiment was to observe if any by-products were formed during the degradation 
of a compound (see Figure 3.1) that could coincide with other compounds in a mixture.  Once 
spiked in the can, the compounds were stored at room temperature; extracted using passive 
headspace concentration and analyzed using GC-MS for 0, 7, and 14 days.  The MSD 
ChemStation software was utilized to visually inspect each total ion chromatogram for the 
presence of any extraneous peaks and the ILRC 3-30-2015 and Nist98 libraries to potentially 
identify those peaks for the days previously mentioned.  It was observed that most of the peaks 
near the baseline were either from the soil or the chemical standard.  The correct identification of 
a few peaks could not be found due to low quality values or unmatched retention times.  The 
figures below were cropped to a range of about ± two minutes of each compound’s retention 
time and categorized by chemical type.  The intensity scales vary per day for all the fourteen 
compounds. 
Three straight-chained alkanes were chosen and individually degraded for 0, 7, and 14 
days.  Nonane (Figure 4.1-1), undecane (Figure 4.1-2) and tetradecane (Figure 4.1-3) followed 
the expected trend of degradation with day 0 being the most abundant to day 14 as the least.  
When comparing each compound to the initial abundance of day 0, tetradecane was significantly 
degraded by seven days which was similar to past research in regards to the even carbon alkanes 
are more susceptible to microbial degradation than the odds 
[23]
.  By fourteen days, the 
abundance of tetradecane remained the same while nonane and undecane reduced to 
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approximately half.  Additional peaks present in the TICs were hexanal, benzaldehyde, α-pinene, 
limonene, camphor, dodecane, tridecane, and 2-methyltridecane which were observed in the soil 
control and reference standard TICs.  The possible degradation products seen with normal 
alkanes by aerobic and anaerobic bacteria are as follows:  primary or secondary alcohols, 
corresponding aldehyde/ketone, fatty acid or acetyl coenzyme A depending on the degree of 
oxidation of the terminal methyl group and alkyl succinate or acyl-coenzyme A with the addition 
of fumarate at the subterminal carbon 
[22-24, 37-38]
.  These products were not observed in any of the 
TICs.  The peak eluting after 8.60 minutes in Figure 4.1-1 corresponds to α-pinene, a peak from 
the soil.  By-products of significant abundance were not observed for the three days of nonane, 




Figure 4.1-1:  Representation of the biodegradation of nonane for 0 (blue), 7 (red), and 14 





Figure 4.1-2:  Representation of the biodegradation of undecane for 0 (blue), 7 (red), and 14 
(green) days.  The peaks eluting around 10.00 and 12.00 minutes are limonene and camphor 










The two compounds chosen to represent the branched alkanes were 2-methylheptane and 
2,2,5-trimethylhexane which could be found in the ignitable liquid classes such as isoparaffinic 
products, naphthenic paraffinic products, petroleum distillates, gasolines, and miscellaneous.  
The degradation of 2-methylheptane (Figure 4.1-4) was severe between 0 and 7 days when 
compare to 2,2,5-trimethylhexane (Figure 4.1-5) which only decreased in abundance slightly.  
There was a slight decrease in abundance between 7 and 14 days for 2-methylheptane but 
increased approximately one-third more than the abundance of day 0 for 2,2,5-trimethylhexane.  
This variation between days could come from the variation of the instrument’s standard 
deviation or the lack/variation of bacteria in the can.  The significant difference of degradation 
between both branched alkanes during the first two samplings could be that 2,2,5-
trimethylhexane was more substituted than 2-methylheptane which would make it less 
susceptible to microbial degradation 
[22-24]
.  After visually examining the TICs of both branched 
alkanes, the smaller peaks present were mostly from the soil (hexanal at 5.35 minutes in Figure 





Figure 4.1-4:  Representation of the biodegradation of 2-methylheptane for 0 (blue), 7 (red), and 





Figure 4.1-5:  Representation of the biodegradation of 2,2,5-trimethylhexane for 0 (blue), 7 (red), 




Ethylcyclohexane and 1,3-dimethylcyclohexane were chosen to represent the 
cycloalkanes found in ignitable liquids such as gasolines, petroleum distillates, and naphthenic 
paraffinic products.  The abundance of ethylcyclohexane (Figure 4.1-6) slightly decreased from 0 
to 7 days but increased to approximately one-fourth between 7 to 14 days.  This observation was 
noted for the degradation of 1,3-dimethylcyclohexane, the cis and trans isomers eluting at 5.36 
and 5.93 minutes, (Figure 4.1-7) which degraded between 0 to 7 days and increased in intensity 
during 14 days.  As mentioned before for 2,2,5-trimethylhexane, this could come from the 
variation of the instrument’s standard deviation or the lack/variation of bacteria in the can.  The 
degradation of substituted cycloalkanes goes thorough β-oxidation on the alkyl chain which leads 
to a cyclohexane carboxylic acid and sometimes a benzoic acid 
[22, 24, 39-40]
.  The peaks identified 
in the ethylcyclohexane TICs, that were not from the soil or standards, were 1-, 4-
ethylcyclohexene and 1-ethylcyclohexanol which did not correspond to other studies.  The peaks 
observed in the 1,3-dimethylcyclohexane TICs were from either the soil or the reference 






Figure 4.1-6:  Representation of the biodegradation of ethylcyclohexane for 0 (blue), 7 (red), and 





Figure 4.1-7:  Representation of the biodegradation of 1,3-dimethylcyclohexane (5.36 and 5.93 




The compounds chosen to represent the aromatic and polynuclear aromatics are toluene, 
p-xylene, 2-ethyltoluene, 1,2,4-trimethylbenzene, and 2-methylnaphthalene which could be 
found in the following ignitable liquid classes:  gasoline, aromatics, some petroleum distillates, 
oxygenated products, and miscellaneous.  The degradation of toluene (Figure 4.1-8), 2-
ethyltoluene (Figure 4.1-10), 1,2,4-trimethylbenzene (Figure 4.1-11), and 2-methylnaphthalene 
(Figure 4.1-12) decreased severely from 0 to 7 days.  P-xylene (Figure 4.1-9) degraded to 
approximately one-third the intensity of the initial peak.  Between 7 and 14 days, toluene 
degraded slightly while 2-ethyltoluene decreased in abundance by approximately halfway.  2-
methylnapthalene was almost degraded completely and p-xylene degraded drastically to almost 
one tenth of the day 7 peak.  While observing 1,2,4-trimethylbenzene, the recovery of the day 14 
residue increased by approximately one half to one third when comparing to the abundance 
obtained in TIC of day 7.  This could be due to the variation of the instrument’s standard 
deviation or lack/variation of bacteria in the cans like seen with the two cycloalkanes and 2,2,5-
trimethylhexane.   
The degradation of light aromatics begin with an enzymatic attack either directly on the 
ring or the alkyl substituent which would create a diol (or trans-diol through oxidation) followed 
by the cleavage and formation of a diacid 
[24]
.  From previous studies, toluene and p-xylene were 
subject to dioxygenase attack resulting in monomethyl and dimethyl catechols or complete 
mineralization 
[41]
.  Dutta et al detected benzoic acid and phenylacetic acid from n-undecyl and 
n-hexadecylbenzene when the alkyl substituent underwent β-oxidation, while Chakraborty et al 
observed complete mineralization of toluene and ethylbenzene to CO2 both aerobically and 
anaerobically 
[39, 42]





.  Benzaldehyde was observed as a by-product of toluene in the degradation 
studies of Turner et al 
[35]
.  The metabolites/intermediates/by-products detected during the 
degradation of PNAs were similar to the same pathways the monocyclic aromatics would 
undergo 
[24]
.  Aerobically, the dioxygenase from the bacteria would integrate two oxygen atoms 
at two carbon atoms on the ring resulting in a cis-dihydrodiol which then forms a dihydroxylated 
intermediate or catechol with dehydrogenase.  The catechol undergoes ortho or meta fission to 
crease cis,cis-muconic acid and CO2 or 2-hydroxymuconic semialdehyde and CO2, respectively 
[43-44]
.  Out of all the possible by-products, benzaldehyde was identified in all the TICs of the 
aromatic compounds at 8.48 minutes with a low abundance, however, all the soil samples in this 
experiment exhibited this low intensity peak.  Other peaks present in the three days were from 
the soil or the reference standard.  The two small peaks seen in Figure 4.1-11 was identified as α-
pinene (8.59 minutes) and limonene (approximately 10.00 minutes).  By-products were not 

















Figure 4.1-10:  Representation of the biodegradation of 2-ethyltoluene for 0 (blue), 7 (red), and 





Figure 4.1-11:  Representation of the biodegradation of 1,2,4-trimethylbenzene for 0 (blue), 7 





Figure 4.1-12:  Representation of the biodegradation of 2-methylnaphthalene for 0 (blue), 7 




 The two compounds chosen to represent the oxygenated products were 2-heptaonone and 
2-butoxyethanol.  The degradation of 2-heptanone (Figure 4.1-13) followed the decreasing trend 
with day 0 being high in intensity following with day 7 and finally day 14 with the lowest 
intensity.  2-butoxyethanol was similar to 2-heptanone in regards to degradation with the day 0 
peak being the most intense but was completely degraded by day 7, as seen in Figure 4.1-14.   
Peaks identified using Nist98 library that were not from either the soil or reference standard in 
the day 0 TIC of 2-heptanone were 2,2-dimethylpentane with a quality of 43 (7.25 minutes), 1-
hepten-4-ol with quality of 14 (8.14 minutes), and 1-pentanamine with a quality of 4 (9.25 
minutes).  The small peak observed in the day 0 TIC around 7.50 minutes was 2-heptanol with a 
90% quality.  The peak in the day 7 and 14 TIC around 8.60 minutes the soil peak α-pinene.   
The peaks identified in the 2-butoxyethanol TICs were mostly from the soil such as 
benzaldehyde (8.50 minutes) and α-pinene (8.56 minutes) seen in the TICs of day 7 and 14.  The 
two peaks, butylester formic acid at 3.95 minutes (quality of 74) and trans-1,2-
dimethylcyclopropane at 4.15 minutes (quality 73), were identified from the day 0 TIC using the 
same library mentioned before.  By-products were not observed during the degradation process 











Figure 4.1-14:  Representation of the biodegradation of 2-butoxyethanol for 0 (blue), 7 (red), and 




4.2 Experiment 2:  Simple Hydrocarbon Mixture 
4.2.1 Calibration Curves 
 The calibration curves for each compound were fashioned using three points from the 
original calibration curve.  The concentration of each standard is located in Table 3.2-2 in 
Chapter 3.  The first and second standards were discarded due to the location of the sample in the 
lower left portion of the curve along with saturating the detector.  The fifth standard was also 
discarded due to being lower than the instrument's limit of detection.  All standards were tested 
in triplicate.  Figure 4.2-1 below contains the TICs for standards 3, 4, and 6 with normalized 
intensities.  A calibration curve was created for each analyte/compound.  The y-axis represents 
the area ratios for each standard and was calculated by dividing the area of the analyte/compound 
by the area of the internal standard (n-dodecane).  The x-axis represents the concentration ratio 
which was calculated by dividing the molar concentration of the analyte by constant molar 
concentration of the internal standard.  Below is an example of the calibration curve used in 
Figure 4.2-2 and the data obtained from the calibration curves of the fourteen compounds are 
found in Table 4.2-1.  The 1,3-dimethylcyclohexane peak at 5.36 minutes was used for the rest of 




Figure 4.2-1:  TICs of Standards 3 (blue), 4 (red) and 6 (green) used for the calibration curves.  
The standards include the following compounds:  toluene (1), 2-methylheptane (2), 1,3-
dimethylcylohexane (3), 2,2,5-trimethylhexane (4), ethylcyclohexane (5), p-xylene (6), 2-
heptanone (7), 2-butoxyethanol (8), n-nonane (9), 2-ethyltoluene (10), 1,2,4-trimethylbenzene 
(11), n-undecane (12), 2-methylnaphthalene (13), and n-tetradecane (14).  The internal standard 
was n-dodecane (15). 
 
1 2 3 3 4 
5 6 7 8 
9 10 






Figure 4.2-2:  Calibration Curve of Toluene (representative of the other 13 compounds) 
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Table 4.2-1:  Data for the 14 Calibration Curves (obtained from the inset in Figure 4.2-2) 






 value LOD LOQ 
toluene 0.7508 0.00494 -0.00115 0.00029 0.9997 0.00115 0.00384 
2-methylheptane 0.5738 0.00396 -0.00049 0.00023 0.9997 0.00120 0.00401 
1,3-dimethylcyclohexane (5.36 min) 0.6504 0.00484 -0.00108 0.00028 0.9996 0.0013 0.00432 
2,2,5-trimethylhexane 0.7442 0.00398 -0.0003 0.00012 0.9998 0.00047 0.00156 
ethylcyclohexane 0.8080 0.00816 -0.00083 0.00047 0.9993 0.00176 0.00587 
p-xylene 0.8882 0.01065 -0.00121 0.00062 0.999 0.00209 0.00697 
2-heptanone 0.5316 0.00692 -0.00062 0.00040 0.9988 0.00227 0.00756 
2-butoxyethanol 0.4479 0.00849 -0.00148 0.00049 0.9975 0.00330 0.11006 
n-nonane 0.0807 0.00105 -3.729x10
-6 
0.00061 0.9988 0.002266 0.00753 
2-ethyltoluene 1.3005 0.01625 -0.00205 0.00094 0.9989 0.00218 0.00726 
1,2,4-trimethylbenzene 1.3116 0.01706 -0.00230 0.001 0.9988 0.00227 0.00756 
n-undecane 1.243 0.01535 -0.00144 0.00089 0.9989 0.00215 0.00718 
2-methylnaphthalene 1.839 0.01847 -0.00144 0.00089 0.9989 0.00215 0.00718 
n-tetradecane 1.9895 0.01612 -0.00371 0.00094 0.9995 0.00142 0.00473 
Std=Standard 




4.2.2 Hydrocarbon Mixture 
 The first experiment resulted in the absence of bacterial by-product formation for each of 
the fourteen compounds.  With this in mind, a simple hydrocarbon mixture was prepared and 
spiked into soil-containing cans for 0, 2, 7, and 14 days.  The mixture was weathered to 50% and 
90% using a steady flow of nitrogen gas and spiked into cans for the same time-frame as the 
unweathered samples.  The intensities of the TICs in Figures 4.2-3 to 4.2-6 vary per day for the 
unweathered and weathered mixture.  The purpose of this experiment was to determine a loss 
rate for the simple mixture, both unweathered and weathered.   
Each of the three weathered points was first analyzed to determine which of the 
compounds were present during the spiking of the soil (Figure 4.2-3).  Weathering occurs when 
an ignitable liquid is evaporated and loses low boiling point compounds.  When comparing the 
50% evaporated mix with the unweathered, the first four compounds were absent due to their 
low boiling points while ethylcyclohexane to n-nonane were present but at lower intensities.  2-
ethyltoluene to n-tetradecane has increased in abundance due to the weathering phenomenon.  
Comparing the 90% evaporated mixture to the unweathered, all the compounds were absent 




Figure 4.2-3:  Representation of the simple hydrocarbon mixture (equimolar) for the 
unweathered mix (blue), 50% evaporated mix (red), and the 90% evaporated mix (green). The 
mixture was comprised of the following compounds:  toluene (1), 2-methylheptane (2), 1,3-
dimethylcyclohexane (3), 2,2,5-trimethylhexane (4), ethylcyclohexane (5), p-xylene (6), 2-
heptanone (7), 2-butoxyethanol (8), n-nonane (19), 2-ethyltoluene (10), 1,2,4-trimethylbenzene 
(11), n-undecane (12), 2-methylnaphthalene (13), and n-tetradecane (14). 
  













 The unweathered simple hydrocarbon mixture (Figure 4.2-4) was spiked into four cans to 
analyze the microbial degradation during 0, 2, 7, and 14 days.  Visual examination and 
comparison of the TICs were performed to inspect which chemicals were least to most resistant 
to degradation.  All the compounds were recovered except for 2-butoxyethanol (8) which was 
completely degraded.  After 2 days, the relative abundance of the compounds changed in respect 
to even verses odd numbered straight-chain alkanes 
[23]
.  Due to tetradecane being an even-
numbered alkane, it experienced more significant degradation than the odd-numbered alkanes 
nonane and undecane.  Toluene also displayed significant loss in respect to the other aromatic 
compounds.  This is due to it being a mono-substituted aromatic which are more susceptible to 
degradation compared to the higher substituted compounds.  The higher substituted aromatics 
decreased to approximately half abundance though 2-ethyltoluene and 1,2,4-trimethylbenzene 
were affected more than p-xylene as seen by peak height comparison to day 0.  The branched and 
cycloalkane loss was minimal compared to the other compound types.  After 7 days, the peaks of 
the n-alkanes, toluene, and 2-methylheptane were significantly degraded while the higher 
substituted aromatics decreased in abundance.  The branched and cycloalkanes displayed slight 
degradation when compared to the higher substituted aromatics.  After 14 days, all the aromatics, 
cycloalkanes, and 2,2,5-trimethylhexane were present at very low abundances with benzaldehyde 
and α-pinene being the dominant peaks. 
The 50% weathered hydrocarbon mixture (Figure 4.2-5) contained ethylcyclohexane to 
n-tetradecane with the exception of 2-butoxyethanol which was completely degraded within the 
first day of analysis.  When visually comparing the TICs of 0 and 2 days, the degradation was 
severe for 2-heptanone (which completely degraded) and the n-alkanes which have 
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approximately the same peak height.  The highly substituted aromatics degraded to about two-
thirds the initial intensity while the loss of ethylcyclohexane was minimal.  After 7 days, the n-
alkanes were present at very low abundances with the most loss from nonane.  The degradation 
of ethylcyclohexane and p-xylene decreased to about half the abundance observed for day 0.  
The ratio of 2-ethyltoluene and 1,2,4-trimethylbenzene was severely skewed, affecting 2-
ethyltoluene more, when degrading between the first three days.  The recovery of 2-
methylnaphthalene increased to essentially the same abundance as the initial peak height.  After 
14 days the aromatics remained while the ratio of 2-ethyltoluene and 1.2.4-trimethylbenzene 
inversed. 
The 90% weathered hydrocarbon mixture (Figure 4.2-6) consisted of two compounds:  2-
methylnaphthalene and n-tetradecane.  Degradation of n-tetradecane decreased considerably 
between 0 and 2 days while almost negligible for 7 and 14 days.  The abundance of 2-




Figure 4.2-4:  Representation of the biodegradation of the unweathered simple hydrocarbon 
mixture for 0 (blue), 2 (red), 7 (green), and 14 (purple) days.  Compounds that make up the 
mixture are as follows:  toluene (1), 2-methylheptane (2), 1,3-dimethylcyclohexane (3), 2,2,5-
trimethylhexane (4), ethylcyclohexane (5), p-xylene (6), 2-heptanone (7), 2-butoxyethanol (8), n-
nonane (9), 2-ethyltoluene (10), 1,2,4-trimethylbenzene (11), n-undecane (12), 2-
methylnaphthalene (13), and n-tetradecane (14).  N-dodecane (15) was used as the internal 

















Figure 4.2-5:  Representation of the biodegradation of the 50% weathered simple hydrocarbon 
mixture for 0 (blue), 2 (red), 7 (green), and 14 (purple) days.  The compounds present are as 
follows:  ethylcyclohexane (5), p-xylene (6), 2-heptanone (7), n-nonane (9), 2-ethyltoluene (10), 
1,2,4-trimethylbenzene (11), n-undecane (12), 2-methylnaphthalene (13), and n-tetradecane (14).  
N-dodecane (15) was used as the internal standard for quantitative analysis.  The small peak 
















Figure 4.2-6:  Representation of the biodegradation of the 90% weathered simple hydrocarbon 
mixture for 0 (blue), 2 (red), 7 (green), and 14 (purple) days.  The compounds present are as 
follows:  2-methylnaphthalene (13), and n-tetradecane (14).  N-dodecane (15) was used as the 








 Once each sample was analyzed, the area ratio for the fourteen compounds measured 
from multiple measurements from a single can were calculated and averaged (see Tables 4.2-2 to 
4.2-4) along with the average percent relative standard deviation (%RSD) for each day.  The area 
ratio calculation could be found in the previous section.  The average area ratios were compiled 
into a recovery plot from days 0 through 14 relative to day 0 as seen in Figure 4.2-7.  It was 
observed that all the compounds except 2-butoxyethanol were recovered on day 0.  The 
compounds that were more susceptible to degradation after 2 days were the oxygenated products, 
n-alkanes, and the mono-substituted aromatic toluene.  By day 7, only half of the simple 
hydrocarbon mixture was present with the di- and tri-substituted aromatics, polynuclear 
aromatics (PNAs), and the branched and cyclic alkanes.  The compounds remaining by day 14 
were either degraded or below the compound’s limit of detection as determined from the 
calibration curves. 
 When comparing the unweathered mixture results to the 50% weathered (Figure 4.2-8), 
the mixture exhibited the same trend for day 0 with the loss of 2-butoxyethanol starting with 
ethylcyclohexane.  Toluene through 1,3-dimethylcyclohexane were not analyzed because their 
area ratios were below the compound’s limit of detection as determined from the calibration 
curves.  The day 0 to 7 recovery of ethylcyclohexane and 2,2,5-trimethylhexane were the same 
height in Figure 4.2-8 due to the area ratios being between the limits of quantitation and 
detection.  The only compound degraded by day 2 was the oxygenated product 2-heptanone.  By 
day 7, the n-alkanes were degraded with the highly substituted aromatics remaining.  The 
compounds by day 14 were either degraded or below the limits of detection. 
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 Only two compounds were present in the 90% weathered samples (Figure 4.2-9), n-
tetradecane and 2-methylnaphthalene.  Quantitative analysis was only performed on n-
tetradecane because the average area ratios for 2-methylnaphthalene was below the limit of 
detection (see Table 4.2-1). N-tetradecane was recovered for both 0 and 2 days, beyond that it 
was below the detection limit or degraded. 
Table 4.2-2:  Average Area Ratios and Average %RSD for the Unweathered Mixture 
Compound Day 0 Day 2 Day 7 Day 14 
toluene 0.04017 0.00953 0.00087 N/A 
2-methylheptane 0.02204 0.02570 N/A N/A 
1,3-dimethylcyclohexane (5.36min) 0.02555 0.03144 0.02838 0.00123 
2,2,5-trimethylhexane 0.01445 0.01793 0.01208 N/A 
ethylcyclohexane 0.03848 0.04427 0.02797 0.00078 
p-xylene 0.06991 0.06491 0.00449 0.00086 
2-heptanone 0.02603 N/A N/A N/A 
2-butoxyethanol 0.00063 N/A N/A N/A 
n-nonane 0.04272 0.0173 N/A N/A 
2-ethyltoluene 0.08329 0.067  0.00532 N/A 
1,2,4-trimethylbenzene 0.08025 0.08072 0.0240 0.00074 
n-undecane 0.05820 0.0053 N/A N/A 
2-methylnaphthalene 0.01498 0.01554 0.01056 N/A 
n-tetradecane 0.0495 0.00503 0.00073 N/A 
Average %RSD 9.56 12.73 10.9 10.7 
N/A=Not Available, below MSD ChemStation Integration Parameters  
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Table 4.2-3:  Average Area Ratios and Average %RSD for the 50% Evaporated Mixture 
Compound Day 0 Day 2 Day 7 Day 14 
toluene 0.00044 N/A N/A N/A 
2-methylheptane 0.00052 0.00058 N/A N/A 
1,3-dimethylcyclohexane (5.36min) 0.00090 0.00093 0.00082 N/A 
2,2,5-trimethylhexane 0.00056 0.00061 N/A N/A 
ethylcyclohexane 0.00426 0.00458 0.00233 N/A 
p-xylene 0.01691. 0.01406 0.00804 N/A 
2-heptanone 0.01196 N/A N/A N/A 
2-butoxyethanol 0.00050 N/A N/A N/A 
n-nonane 0.02145 0.00907 N/A N/A 
2-ethyltoluene 0.05898 0.04949 0.01357 0.00213 
1,2,4-trimethylbenzene 0.06161 0.0559 0.04615 0.00086 
n-undecane 0.05837 0.00648 0.00077 N/A 
2-methylnaphthalene 0.01351 0.01282 0.01246 0.00107 
n-tetradecane 0.04651 0.00957 0.00083 N/A 
Average %RSD 9.89 12.01 15.73 29.3 
N/A=Not Available, below MSD ChemStation Integration Parameters 
Table 4.2-4:  Average Area Ratios and Average %RSD for the 90% Evaporated Mixture 
Compound Day 0 Day 2 Day 7 Day 14 
toluene N/A N/A N/A N/A 
2-methylheptane N/A N/A N/A N/A 
1,3-dimethylcyclohexane (5.36min) N/A N/A N/A N/A 
2,2,5-trimethylhexane N/A N/A N/A N/A 
ethylcyclohexane N/A N/A N/A N/A 
p-xylene N/A N/A N/A N/A 
2-heptanone N/A N/A N/A N/A 
2-butoxyethanol N/A N/A N/A N/A 
n-nonane N/A N/A N/A N/A 
2-ethyltoluene N/A N/A N/A N/A 
1,2,4-trimethylbenzene N/A N/A N/A N/A 
n-undecane N/A N/A N/A N/A 
2-methylnaphthalene 0.00146 0.00079 0.00670 0.00033 
n-tetradecane 0.03724 0.00413 0.00046 N/A 
Average %RSD 32.93 27.63 16.4 2.43 




Figure 4.2-7:  Recovery of Compounds Relative to Day 0 for the Unweathered Mixture 
Oxygenates 
n-alkanes 




Figure 4.2-8:  Recovery of Compounds Relative to Day 0 for the 50% Weathered Mixture 
n-alkanes 









For each quantifiable compound, the moles recovered per day were calculated using a 
modified version of the linear y=mx+b equation, CA=((AR-b)/m)*CIS where:   
 CA is the molar concentration of the analyte 
 CIS is the molar concentration of the internal standard (2.35x10
-5
 M) 
 AR is the average area ratio (Tables 4.2-2 through 4.2-4) 
 m is the slope of the calibration curve (4.2-1) 
 b is the y-intercept of the calibration curve (Table 4.2-1) 
The total moles recovered for the unweathered hydrocarbon mixture for 0, 2, 7, and 14 days were 
approximately 13.89, 9.43, 3.07, and 0 moles respectively (Table 4.2-5).  The 50% weathered 
hydrocarbon mixture for the same four days recovered were approximately 5.9, 3.18, 1.63, and 0 
moles respectively (Table 4.2-6).  N-tetradecane was the only component contributing towards 
the mole recovery for all four days and they were approximately 0.48, 0.092, 0, and 0 moles 
(Table 4.2-7).  A graphical representation could be seen below in Figure 4.2-10. 
 The inset in Figure 4.2-10 represents a first order kinetics graph of the total moles 
recovered per day (data found in Tables 4.2-5b through 4.2-7b).  The rate constant (k) for the 
unweathered, 50% and 90% weathered mixtures were approximately 0.2, 0.2, and 0.8 days
-1
 
respectively.  The half-life of each mixture was calculated, using the approximate rate constants 
and the equation ln(2)/k, to roughly 3.5, 3.5, and 0.84 days.  
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Table 4.2-5:  Total Moles Recovered for Unweathered Sample (a) and First Order Inset Data (b) 
a) Compound Day 0 (10-6) Day 2 (10-6) Day 7 (10-6) Day 14 (10-6) 
2-butoxyethanol 0   0 0 0 
2-heptanone 1.18  (1) 0 0 0 
n-undecane 1.13  (1) 0.13  (0.004) 0 0 
n-tetradecane 0.63  (1) 0.103  (0.102) 0 0 
toluene 1.29  (1) 0.067  (0.237) 0 0 
n-nonane 1.24  (1) 0.503  (0.405) 0 0 
2-methylheptane 0.92  (1) 1.07  (1.17) 0 0 
2-ethyltoluene 1.54  (1) 1.26  (0.811) 0.13  (0.026) 0 
p-xylene 1.88  (1) 1.75  (0.929) 0.15  (0.03) 0 
1,2,4-trimethylbenzene 1.48  (1) 1.49  (1.01) 0.47  (0.299) 0 
2-methylnaphthalene 0.27  (1) 0.28  (1.04) 0.21  (0.705) 0 
2,2,5-trimethylhexane 0.23  (1) 0.29  (1.24) 0.2  (0.836) 0 
ethylcyclohexane 1.14  (1) 1.31  (1.15) 0.84  (0.727) 0 
1,3-dimethylcyclohexane 0.96  (1) 1.18  (1.23) 1.07  (1.11) 0 
Total 13.89 9.433 3.07 0 
     
     
     
b) Co/C Days ln(Co/C)   
13.89/13.89 0 0   
13.89/9.43 2 0.39   
13.89/3.07 7 1.51   
Note: data in parenthesis in part a correspond to Figure 4.2-7  
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Table 4.2-6:  Total Moles Recovered for 50% Weathered Sample (a) and First Order Inset Data 
(b) 
a) Compound Day 0 (10-6) Day 2 (10-6) Day 7 (10-6) Day 14 (10-6) 
2-butoxyethanol 0 0 0 0 
2-heptanone 0.56  (1) 0 0 0 
n-undecane 1.13  (1) 0.15  (0.037) 0 0 
n-tetradecane 0.59  (1) 0.16  (0.206) 0 0 
toluene 0 0 0 0 
n-nonane 0.62  (1) 0.26  (0.423) 0 0 
2-methylheptane 0 0 0 0 
2-ethyltoluene 1.1  (1) 0.93  (0.839) 0.28  (0.23) 0 
p-xylene 0.48  (1) 0.404  (0.832) 0.24  (0.476) 0 
1,2,4-trimethylbenzene 1.15  (1) 1.04  (0.907) 0.87  0.749) 0 
2-methylnaphthalene 0.27  (1) 0.24  (0.949) 0.24  (0.922) 0 
2,2,5-trimethylhexane 0 0 0 0 
ethylcyclohexane 0 0 0 0 
1,3-dimethylcyclohexane 0 0 0 0 
Total 5.9 3.184 1.63 0 
     
     
     
b) Co/C Days ln(Co/C)   
5.9/5.9 0 0   
5.9/3.184 2 0.62   
5.9/1.63 7 1.45   
Note: data in parenthesis in part a correspond to Figure 4.2-8  
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Table 4.2-7:  Total Moles Recovered for 90% Weathered Sample (a) and First Order Inset Data 
(b) 
a) Compound Day 0 (10-6) Day 2 (10-6) Day 7 (10-6) Day 14 (10-6) 
2-butoxyethanol 0 0 0 0 
2-heptanone 0 0 0 0 
n-undecane 0 0 0 0 
n-tetradecane 0.48  (1) 0.092  (0.038) 0 0 
toluene 0 0 0 0 
n-nonane 0 0 0 0 
2-methylheptane 0 0 0 0 
2-ethyltoluene 0 0 0 0 
p-xylene 0 0 0 0 
1,2,4-trimethylbenzene 0 0 0 0 
2-methylnaphthalene 0 0 0 0 
2,2,5-trimethylhexane 0 0 0 0 
ethylcyclohexane 0 0 0 0 
1,3-dimethylcyclohexane 0 0 0 0 
Total 0.48 0.092 0 0 
     
     
     
b) Co/C Days ln(Co/C)   
0.48/0.48 0 0   
0.48/0.092 2 1.65   
0.48/0 7 NA   









4.3 Experiment 3:  Biodegradation of 7 ASTM Ignitable Liquid Classes 
 As discussed in the previous two sections, it was observed that no bacterial by-products 
were formed using the spiked Hyponex
®
 potting soil and that the half-life of the unweathered 
simple hydrocarbon mixture was approximately 3.5 days.  The purpose of this experiment was to 
utilize the results gathered from the previous experiments and compare it to real-world samples.  
One ignitable liquid was chosen from the Ignitable Liquid Reference Collection 
[9]
 maintained by 
NCFS to represent seven ASTM E1618 classes.  The intensities for each TIC vary per day for all 
seven ignitable liquids. 
 The aromatic solvent ignitable liquid class is classified as consisting of predominately 
benzene and aromatic compounds such as toluene, o-, m-, p-xylene/ethyltoluene, naphthalene, 
and 1,2,4-trimethylbenzene 
[5, 7]
.  Visual inspection of the SRN 52 Ortho Malathion 50 Plus 
Insect Spray Conc. (Figure 4.3-1) TICs up to day 1 displayed degradation in all the aromatic 
compounds which lost approximately one-third to one-half abundance.  Degradation was seen 
the most in isopropylbenzene (8.15 min), n-propylbenzene (8.75 min) and (1-
methylpropyl)benzene (9.82 min) than the other compounds that experienced either slight loss or 
degraded one-third of day 1peak height after 3 days.  All three compounds are monosubstituted 
aromatics which are least resistant to microbial degradation unlike the higher substituted 
aromatic compounds which is supported by past research 
[23-24, 26]
.  After 5 days all compounds 
degraded significantly.  The abundance of n-propylbenzene, isopropylbenzene, and (1-
methylpropyl)benzene were almost negligible and a change of peak height of the m-, o-
ethyltoluene and 1,3,5-trimethylbenzene were larger than p-ethyltoluene.  This observation is 
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most likely due to the position of the ethyl substituent in relation to the methyl group on the 
ethyltoluenes and the higher substitution of 1,3,5-trimethylbenzene.  After 7 days the abundance 
of all compounds present increased slightly during recovery when compared to 5 days. 
 
Figure 4.3-1:  Representation of the biodegradation of ASTM class Aromatic SRN 52 Ortho 




According to ASTM E1618, gasoline products are comprised mainly of aromatics in 
specific patterns with the presence of branched and normal alkanes.  The pattern observed in 
gasolines are required to contain the following compounds:  m-ethyltoluene, p-ethyltoluene, 
1,3,5-trimethylbenzene, 1,2,4-trimethylbenzene, and o-ethyltoluene 
[5]
.  The gasoline sample 
selected for this experiment was SRN 105 Phillips 66 Unleaded Regular (Figure 4.3-2).  All the 
aromatics decreased approximately one-third in peak height in the first day compared to the 
initial sampling.  The branched alkanes between 2.00 and 4.80 minutes decreased slightly in 
abundance.  The recovery of the branched alkanes varied in abundance ratio after 3 days, which 
could have been caused by variations from the microorganisms or the properties from the soil 
(i.e. water content, mulch, nutrients, etc.) from each container.  The aromatics o-xylene and o-
ethyltoluene degraded to approximately half of the original abundance, however, aromatics such 
as toluene, m/p-xylene, and 1,2,4-trimethylbenzene degraded immensely compared to other 
C2/C3-alkylbenzenes between 4.90 and 9.50 minutes along with the C4-alkylbenzenes eluting 
after 10.00 minutes on.  After 5 and 7 days, the branched alkanes and soil peaks were present 






Figure 4.3-2:  Representation of the biodegradation of ASTM class Gasoline SRN 105 Phillips 




 Isoparaffinic products are ignitable liquids that consist of only branched alkanes which 
are the most resistant compound type to microbial degradation 
[23, 26]
.  The degradation of SRN 
12 ShellSol OMS is seen in Figure 4.3-3.  When comparing day 1 to day 0, all the compounds 
degraded by visual examination of the TIC after the first day exhibited loss of approximately 
one-half to all compounds.  After 3 days, it was observed that all the compounds displayed slight 
degradation in comparison with the previous two TICs (days 0 and 1).  Slight loss in peak 
abundance of all compounds were seen for the remaining two days with the components never 




Figure 4.3-3:  Representation of the biodegradation of the ASTM class Isoparaffinic Product 




 Medium petroleum distillates (MPDs) are aliphatic dominant resulting in a Gaussian like 
distribution of n-alkanes with the presence of aromatic, branched and cycloalkanes 
[5]
.  Below in 
Figure 4.3-4 is the degradation of MPD ignitable liquid SRN 46 Pro-Gard Fuel Injector PLUS 
Intake Valve Cleaner.  The degradation of the n-alkanes was drastic but the Gaussian pattern was 
still discernable.  1,2,4-trimethylbenzene and 4-methyldecane degraded to half and one third the 
original peak height after the first day respectively.  By the third day the Gaussian distribution of 
n-alkanes was absent with the predominant peak identified as 1,2,4-trimethylbenzene. The loss 
of peak height by microbial degradation was mainly observed in the n-alkanes, however most of 
the compounds degraded slightly or by half of day 1 such as 1,2,4-trimethylbenzene.  The 
chromatographic profile became predominantly cycloalkane/branched alkane with the 





Figure 4.3-4:  Representation of the biodegradation of ASTM class Medium Petroleum Distillate 
(MPD) SRN 46 Pro-Gard Injector PLUS Intake Valve Cleaner for 0 (blue), 1 (red), 3 (green), 5 




 Ignitable liquids classified as a miscellaneous are comprised of two or more other ASTM 
class characteristics and consists of compounds such as aromatics, aliphatics, limonene, α/β-
pinene and camphor.  The n-alkanes present in SRN 16 STP Octane Boost (Figure 4.3-5) were 
heavily degraded after 1 day while the aromatics decreased to about half the original abundance. 
After 3 days the n-alkanes lost the Gaussian distribution pattern due to complete/near-complete 
degradation.  The aromatics displayed similar degradative behavior as SRN 105 (gasoline) in 
regards to how o-xylene, o-ethyltoluene, and 1,3,5-trimethylbenzene were approximately one-
third to one-half original intensity while m/p-xylene, m/p-ethyltoluene and ethylbenzene were 
less than one-fourth.  The peaks between 10.00 and 13.00 minutes appeared to be about half 
though the baseline was slightly lower than day 0.  Peak definition was lost after 13.00 minutes.  
The aromatics were the only compounds present to obtain peak identification of high quality by 
5 and 7 days (similar to SRN 780 from the ILRC database 
[9]
).  Unresolved envelopes of peaks 




Figure 4.3-5:  Representation of the biodegradation of the ASTM class Miscellaneous SRN 16 




 Lamplight Farms Citronella Torch Fuel (SRN 140) was chosen to represent the 
naphthenic paraffinic class and the microbial degradation TICs could be found in Figure 4.3-6.  
Naphthenic-paraffinic products are comprised of mainly branched and cycloalkanes with little to 
no n-alkanes and aromatics/PNAs 
[5]
.  Visual examination of the five days was somewhat 
difficult due to the unresolved envelope of peaks raising the baseline, decreasing throughout the 
degradation process.  All compounds when visually comparing to the initial chromatogram 
appeared to have been degraded to half abundance except the n-alkanes tridecane (14.50 min) 
and tetradecane (15.90 min) with 2,6-dimethylundecane as the predominant peak.  After 3 days, 
half of the compounds degraded to half abundance of day 1 except the compounds between 8.00 
to 12.00 minutes that experienced little degradation such as trans-decahydronaphthalene (10.80 
min) and decahydro-2-methylnaphthalene (11.75 min).  The chromatographic profile by 3 days 
did not resemble the original pattern.  The abundance of all compounds decreased to 
approximately half after 5 days with a large α-pinene peak from the soil at 8.59 minutes.  The 
sample as a whole experienced slight degradation and kept similar chromatographic profiles to 3 
and 5 days during the last sampling day.  The Torch Fuel at 7 days was visibly similar to SRN 






Figure 4.3-6:  Representation of the biodegradation of ASTM class Naphthenic-Paraffinic SRN 





 The ignitable liquid, from the ILRC database, used to represent the normal alkane class in 
this experiment was SRN 236 Aura Lamp Oil which consisted of n-alkanes only:  decane to 
tetradecane.  Out of all the compound types, n-alkanes are the most readily degraded along with 
oxygenates and monosubstituted aromatics when compared to the higher substituted aromatics 
and alkanes 
[23-24, 26]
.  By the first day (Figure 4.3-7), all the five n-alkanes degraded to half 
abundance while still maintaining the original pattern.  After 3 days, all the n-alkanes suffered a 
significant loss in peak height, less then approximately 10% of the day 0 peak while tetradecane 
was completely degraded and dodecane as the predominant peak.  After 5 days, it was observed 
that undecane and dodecane were affected by microbial attack more than decane and tridecane 
due to the difference in initial peak height seen in the blue and green TICs in Figure 4.3-7.  The 





Figure 4.3-7:  Representation of the biodegradation of the ASTM class Normal Alkane SRN 




 Since the internal standard (dodecane) was not implemented and the concentration of 
each compound in the ignitable liquids was undetermined, the half-lives for each ASTM 
ignitable liquid were obtained by integrating the peak area at each retention time.  It was 
assumed that the compounds had equivalent response factors.  The equation used for the 
integration was 0.5(R2-R1)(I2+I1) where: R is the retention time and I is the intensity.  The areas 
were then summed for each day and a first order linear kinetics graph (Figure 4.3-8) was 
constructed using the values calculated in Table 4.3-1a with the ln(A0/A) equation.  The rate 
constants (the slope k) were obtained and the half-lives (t ½ days) for each ASTM ignitable 
liquid class were calculated using ln(2)/k, seen below in Table 4.3-1b.   
The half-lives vary depending on the ignitable liquid class and their chemical formula 
and structure.  When comparing to the 3.5 day half-life of the unweathered simple hydrocarbon 
mixture, the isoparaffinic and naphthenic-paraffinic products had the longest half-lives 
(approximately 49 and 50 days respectively) while the aromatic and normal alkane had the 
shortest half-lives (~1.74 and 1.76 days respectively).  This is due to the Isoparaffinic and 
Naphthenic-paraffinic product containing only branched and branched/cyclic alkanes, 
respectively.  Compounds with these structures are more resistant to degradation than the 
straight-chained alkanes (in Normal Alkane) and aromatic compounds (in Aromatic Solvents), as 
seen in the degradation of the unweathered simple mixture and in past research.  The aromatic 
solvent had a shorter half-life probably due to the ignitable liquid being the only carbon source 
available for the microorganisms and the degradation rates of the aliphatics and aromatics could 
differ between being in a mixture or strictly with each chemical type. 
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The MPD and miscellaneous half-lives were calculated to be approximately 15 and 25 
days respectively.  Even though both ignitable liquids consisted of predominately straight-
chained alkanes along with some aromatic compounds, ultimately the branched and cycloalkanes 
increased the overall half-life due to their high resistivity towards microbial degradation.  The 
half-life of gasoline was approximately 6 days which was mainly contributed to the branched and 
cycloalkanes, eluting before 5.00 minutes, then the aromatic compounds (bringing the half-life 
up approximately two times the aromatic half-life).  These half-lives are not definite and should 
be considered with caution.  
Table 4.3-1:  First Order Kinetics data for 7 ASTM E1618 classifications (a) and Rate constants 
(k) and half-lives for the 7 ASTM E1618 classes (b) 
a) ASTM Day 0  Day 1 Day 3 Day 5 Day 7 
AR 0 0.4561 0.9369 2.579 2.516 
Gas 0 0.2154 0.2403 0.5013 0.915 
ISO 0 0.1323 0.1481 0.119 0.1515 
MISC 0 0.1608 0.0225 0.2428 0.2247 
MPD 0 0.3030 0.2894 0.3063 0.4515 
NP 0 0.1065 0.0902  0.133 
NA 0 0.1480 1.632 1.733  
      
      
      
      
b) ASTM Rate k (days-1) Corr t ½ (days) 
AR 0.39 0.9559 1.75 
Gas 0.118 0.9604 5.89 
ISO 0.014 0.6484 48.6 
MISC 0.027 0.8022 25.4 
MPD 0.047 0.8172 14.7 
NP 0.014 0.7490 49.7 




Figure 4.3-8:  First Order Kinetics graph for the 7 ASTM ignitable liquid classes
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CHAPTER 5:  CONCLUSION 
This research concluded that spiking the potting soil with one compound and having it 
stand for 14 days did not produce by-products that would significantly interfere with other 
compounds present in ignitable liquids.  With this in mind, by-products were not detected when 
sampling the simple hydrocarbon mixture.  These observations were similar to Eriksson et al.’s 
[45]
 research of the effects of aerobic degradation of a hydrocarbon mixture (containing C14-C17, 
p-xylene and n- and Br-naphthalene) in potting soil.  They observed that no metabolites were 
detected by SPME with GC-MS in their samples which rested at temperature of 20°C and 6°C.  
They suggested that the compounds were either totally degraded or were not stable enough to be 
volatilized.   
When combining all fourteen compounds in to a mixture, it was demonstrated that the 
mixture followed the established trend of chemical degradation based on type:  oxygenated 
compounds degraded first, followed by the n-alkanes with the loss of C10-C13 first then the even 
carbon numbered n-alkanes and the odd after, the monosubstituted aromatics to the 
polysubstituted and polynuclear aromatics, and finally the branched and cycloalkanes being the 
most resistant 
[23-24, 26]
.  Even when the simple hydrocarbon mixture was weathered, the 
degradation trends were similar regardless of the compound’s volatility.  The half-lives for the 
mixture were approximately 3.5 days for the unweathered and 50% weathered mixture, whereas 
the 90% weathered mixture had a half-life of 0.84 days.  Again, this is due to what compounds 
were present in the mixture and their susceptibility or resistivity to microbial degradation. 
Out of the 7 ASTM E1618 classifications, the isoparaffinic product and the naphthenic-
paraffinic product had the highest half-lives of approximately 49 to 50 days, while the aromatic 
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solvent and normal alkane were the shortest of approximately 1.7 days.  When compared to the 
unweathered simple hydrocarbon mixture, the classes containing a mixture of compounds varied 
in their half-lives due to having a combination of aromatic and aliphatic compounds.  The half-
lives of the miscellaneous and MPD were considerably higher than the gasoline due to 
containing more resistant compounds such as branched and cycloalkanes than aromatic 
compounds. 
 According to the “Fire and Arson Scene Evidence” Guide by Reno et al 
[6]
, evidence 
containing soil must be frozen or transported immediately to a laboratory to ensure evidence 
integrity, which in past research has been advised (along with bactericide and refrigeration) to 
keep microbial activity and degradation to a minimum.  Sometimes fire debris evidence is left 
out at room temperature for a period of time.  As mentioned in the Literature Review and 
visually demonstrated in the results, bacteria found in soil can disfigure the chromatographic 
profile of an ignitable liquid residue based on chemical type.  Applying the half-life obtained 
through experimental and quantitative analysis, “real-world” soil-containing fire debris evidence 
should not be left at room temperature for more than approximately 3.5 days. 
 The 3.5 day loss rate, observed from the results of the second experiment, is a suggestion 
of how long half of the ignitable liquid residue was degraded/recovered.  Adopting this 
suggestion, a possible future experiment would be to test the simple hydrocarbon mixture against 
different types of soil from local areas or globally instead of store bought potting soil.  The soils 
would be experimented for:  1) bacterial identification, 2) chemical preference, and 3) 
degradation process of simple hydrocarbon mixture introduction utilizing same instrumental 
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parameters.  Quantitative analysis, similar to this research, would be performed to compare 
consistencies or differences in recovery rates/half-lives by soil/bacteria type.   
The second future works experiment would be to observe the storing process of freezing 
or cooling the simple hydrocarbon mixture in potting soil for varying days, followed by other 
soil types.  This experiment would replicate storage conditions used on “real-world” soil 
evidence and observe possible degradation process.  The future works would help optimize 
storage conditions for fire evidence and analysts could have a better understanding in how 
microbial degradation affects the chromatographic profile of ignitable liquids and assigning the 




1. Campbell, R. Intentional Fires. http://www.nfpa.org/research/reports-and-statistics/fire-
causes/arson-and-juvenile-firesetting/intentional-fires. 




4. Sandercock, P. M. L., Fire investigation and ignitable liquid residue analysis - A review: 
2001-2007. Forensic Sci. Int. 2008, 176 (2-3), 93-110. 
5. International, A., Standard Test Method for Ignitable Liquid Residues in Extracts from 
Fire Debris Samples by Gas Chromatography-Mass Spectrometry. In E1618-14, 2014; 
Vol. E1618-14, p 15. 
6. Reno, J.; Marcus, D.; Leary, M.; Samuels, J., Fire and Arson Scene Evidence. A Guide 
For Public Safety Personnel, National Institute of Justice 2000. 
7. Stauffer, E.; Dolan, J. A.; Newman, R., Fire Debris Analysis. Academic Press: 2008. 
8. Stauffer, E.; Lentini, J. J., ASTM standards for fire debris analysis: a review. Forensic Sci 
Int 2003, 132 (1), 63-7. 
9. Ignitable Liquids Reference Collection. 
10. International, A., Standard Practice for Separation of Ignitable Liquid Residues from Fire 
Debris Samples by Solvent Extraction. In E1386-10, 2010; p 2. 
11. International, A., Stadnard Practice for Sampling of Headspace Vapors from Fire Debris 
Samples. In E1388-12, 2012; p 2. 
12. International, A., Standard Practice for Separation of Ignitable Liquid Residues from Fire 
Debris Samples by Passive Headspace Concentratin with Activated Charcoal. In E1412-
12, ASTM International: West Conshohocken, PA, 2012; p 3. 
13. International, A., Standard Practice for Separation and Concentration of Ignitable Liquid 
Residues from Fire Debris Samples by Dynamic Headspace Concentration. In E1413-13, 
ASTM International: West Conshohocken, PA, 2013; p 4. 
14. International, A., Standard Practice for Septaration and Concentration of Ignitable Liquid 
Residues from Fire Debris Samples by Passive Headspace Concentration with Solid 
Phase Microextraction (SPME). In E2154-15, 2015; p 3. 
100 
 
15. Newman, R. T.; Dietz, W. R.; Lothridge, K., The use of activated charcoal strips for fire 
debris extractions by passive diffusion. Part 1: The effects of time, temperature, strip size, 
and sample concentration. J. Forensic Sci. 1996, 41 (3), 361-370. 
16. Williams, M. R.; Fernandes, D.; Bridge, C.; Dorrien, D.; Elliott, S.; Sigman, M., 
Adsorption saturation and chromatographic distortion effects on passive headspace 
sampling with activated charcoal in fire debris analysis. J. Forensic Sci. 2005, 50 (2), 
316-325. 
17. Newman, R.; Gilbert, M.; Lothridge, K., GC-MS guide to ignitable liquids. CRC Press: 
1998. 
18. Mann, D. C.; Gresham, W. R., Microbial Degradation of Gasoline in Soil. Journal of 
Forensic Sciences 1990, 35 (4), 913-23. 
19. Stauffer, E., Concept of pyrolysis for fire debris analysts. Science & Justice 2003, 43 (1), 
29-40. 
20. Bollag, J.-M.; Mertz, T.; Otjen, L., Role of microorganisms in soil bioremediation. ACS 
Symp. Ser. 1994, 563 (Bioremediation through Rhizospere Technology), 2-10. 
21. Magot, M., Indigenous microbial communities in oil fields. In Petroleum microbiology, 
Ollivier, B.; Magot, M., Eds. ASM Press: Washington, DC, 2005; pp 21-33. 
22. Leahy, J. G.; Colwell, R. R., Microbial degradation of hydrocarbons in the environment. 
Microbiol. Rev. 1990, 54 (3), 305-15. 
23. Huang, H.; Larter, S., Biodegradation of petroleum in subsurface geological reservoirs. In 
Petroleum Microbiology, Ollivier, B.; Magot, M., Eds. ASM Press: Washington, DC, 
2005; pp 91-121. 
24. Atlas, R. M., Microbial degradation of petroleum hydrocarbons: an environmental 
perspective. Microbiol Rev 1981, 45 (1), 180-209. 
25. Insam, H.; Seewald, M. S. A., Volatile organic compounds (VOCs) in soils. Biol. Fertil. 
Soils 2010, 46 (3), 199-213. 
26. Turner, D. A.; Goodpaster, J. V., The effects of microbial degradation on ignitable 
liquids. Anal. Bioanal. Chem. 2009, 394 (1), 363-371. 
27. Ghazali, F. M.; Abdul Rahman, R. N. Z.; Salleh, A. B.; Basri, M., Biodegradation of 
hydrocarbons in soil by microbial consortium. Int. Biodeterior. Biodegrad. 2004, 54 (1), 
61-67. 
28. da Cunha, C. D.; Leite, S. G. F., Gasoline biodegradation in different soil microcosms. 
Braz. J. Microbiol. 2000, 31 (1), 45-49. 
101 
 
29. Kirkbride, K. P.; Yap, S. M.; Andrews, S.; Pigou, P. E.; Klass, G.; Dinan, A. C.; Peddie, 
F. L., Microbial degradation of petroleum hydrocarbons: implications for arson residue 
analysis. J. Forensic Sci. 1992, 37 (6), 1585-99. 
30. Chalmers, D.; Yan, X.; Cassista, A.; Hrynchuk, R.; Sandercock, P. M. L., Degradation of 
gasoline, barbecue starter fluid, and diesel fuel by microbial action in soil. J. - Can. Soc. 
Forensic Sci. 2001, 34 (2), 49-62. 
31. Turner, D. A.; Goodpaster, J. V., The effect of microbial degradation on the 
chromatographic profiles of tiki torch fuel, lamp oil, and turpentine. J Forensic Sci 2011, 
56 (4), 984-7. 
32. Turner, D. A.; Goodpaster, J. V., Comparing the effects of weathering and microbial 
degradation on gasoline using principal components analysis. J Forensic Sci 2012, 57 (1), 
64-9. 
33. Turner, D. A.; Goodpaster, J. V., The effects of season and soil type on microbial 
degradation of gasoline residues from incendiary devices. Anal Bioanal Chem 2013, 405 
(5), 1593-9. 
34. Turner, D. A.; Pichtel, J.; Rodenas, Y.; McKillip, J.; Goodpaster, J. V., Microbial 
degradation of gasoline in soil: comparison by soil type. J. Biorem. Biodegrad. 2014, 5 
(2), 1000216/1-1000216/7, 7 pp. 
35. Turner, D. A.; Pichtel, J.; Rodenas, Y.; McKillip, J.; Goodpaster, J. V., Microbial 
degradation of gasoline in soil: Effect of season of sampling. Forensic Sci. Int. 2015, 251, 
69-76. 
36. Hutches, K., Microbial degradation of ignitable liquids on building materials. Forensic 
Sci Int 2013, 232 (1-3), e38-41. 
37. Rojo, F., Degradation of alkanes by bacteria. Environ. Microbiol. 2009, 11 (10), 2477-
2490. 
38. Wentzel, A.; Ellingsen, T.; Kotlar, H.-K.; Zotchev, S.; Throne-Holst, M., Bacterial 
metabolism of long-chain n-alkanes. Appl. Microbiol. Biotechnol. 2007, 76 (6), 1209-
1221. 
39. Dutta, T. K.; Harayama, S., Biodegradation of n-alkylcycloalkanes and n-alkylbenzenes 
via new pathways in Alcanivorax sp. strain MBIC 4326. Appl. Environ. Microbiol. 2001, 
67 (4), 1970-1974. 
40. Beam, H. W.; Perry, J. J., Microbial degradation and assimilation of n-alkyl-substituted 
cycloparaffins. J. Bacteriol. 1974, 118 (2), 394-9. 
102 
 
41. Tsao, C. W.; Song, H. G.; Bartha, R., Metabolism of benzene, toluene, and xylene 
hydrocarbons in soil. Appl. Environ. Microbiol. 1998, 64 (12), 4924-4929. 
42. Chakraborty, R.; O'Connor, S. M.; Chan, E.; Coates, J. D., Anaerobic degradation of 
benzene, toluene, ethylbenzene, and xylene compounds by Dechloromonas strain RCB. 
Appl. Environ. Microbiol. 2005, 71 (12), 8649-8655. 
43. Samanta, S. K.; Singh, O. V.; Jain, R. K., Polycyclic aromatic hydrocarbons: 
environmental pollution and bioremediation. Trends Biotechnol. 2002, 20 (6), 243-248. 
44. Haritash, A. K.; Kaushik, C. P., Biodegradation aspects of Polycyclic Aromatic 
Hydrocarbons (PAHs): A review. J. Hazard. Mater. 2009, 169 (1-3), 1-15. 
45. Eriksson, M.; Dalhammar, G.; Borg-Karlson, A. K., Aerobic degradation of a 
hydrocarbon mixture in natural uncontaminated potting soil by indigenous 
microorganisms at 20°C and 6°C. Appl. Microbiol. Biotechnol. 1999, 51 (4), 532-535. 
 
